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Abstract
The Great East Japan earthquake of 2011 generated a huge quantity of disaster waste and
tsunami deposits, which required proper treatment and disposal. To effectively use these
waste soils in geotechnical applications, it is essential to understand the mechanical
behaviour in their native (pure) or mechanically stabilized form (amended with cement
and fibre).
To address these objectives, a series of monotonic stress-strain (e.g. compression and
extension) triaxial drained and undrained tests were performed on pure Toyoura sand and
mixtures of Toyoura sand-silt-cement-fibre. Additional laboratory studies were
performed to investigate other related aspects, such as density, back pressure, small-strain
elasticity, curing time and micro-fabric.
Fibre and cement additives significantly enhanced the undrained and drained shear
strengths of Toyoura sand. The stress-strain results showed behaviour typical of the
medium dense specimens, with increasing stress ratio, peak strength and stiffness, and
minimal strain softening. The secant modulus was found to be least affected by fibre
additives alone, but significantly increased for cemented and fibre reinforced cemented
specimens. The fibre and cement additives also increased the strength parameters
(frictional angle, cohesion), dilatancy angle, slope of the critical state line, and decreased
the state parameter of pure Toyoura sand.
When increasing the applied back pressure, the maximum deviator stress increased, and
limited increase occurred for the strength at critical state. As the curing time increased,
the peak strength significantly increased, but with noticeably more brittle behaviour. The
mechanical benefits of cement and fibre additives were found for all silt contents, but the
most noticeable strength increase was obtained for 28% silt content. The addition of fibre
or cement to Toyoura sand had no appreciable effect on the slope of the 1-dimensional
normal compression line (K0 NCL), but these additives shifted the line compared to that
for unreinforced sand. Fibres slightly reduced the small-strain shear modulus, but cement,
and the combined effects of cement and fibre were found to provide quite significant
shear modulus increases. Results obtained from local strain measurements were in close
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agreement with the results presented in the literature. The fibre orientation distribution
showed that approximately 95% of fibres had an orientation that lies within ±45° of the
horizontal plane. Fibre and cement additives changed the loose samples volumetric
compression behaviour into more dilative behaviour.
A modified form of the Severn-Trent constitutive model was also used to simulate the
stress-strain behaviour of the unreinforced and reinforced Toyoura sand. Two additional
parameters were introduced: a) the slope of the critical state line in the q-p' plane for
reinforced specimens (𝑀∗ ), and b) tensile stress (𝑞0 ). Validation and calibration of the
model was based on the laboratory tests conducted herein and results found in the
literature. A close agreement of the model simulations with the experimental results was
observed for many of the tests performed on pure Toyoura sand, cemented, fibre, and
fibre reinforced cemented Toyoura sand for a range of mean effective stresses. The study
also showed that the modified Severn-Trent constitutive model, predicted the stress-strain
behaviour of specimens with varying curing duration, density, and silt content. However,
it was seen that further improvements were needed to more accurately model the complex
behaviour of fibre reinforced cemented Toyoura sand (i.e. higher curing duration) and
fibre reinforced cemented Toyoura silty sand.

Keywords:
Fibre reinforced sand; cemented sand; triaxial test; back pressure; curing duration; silt
content; shear wave velocity; local strain measurements; fibre orientation distribution;
density variation; constitutive modeling; monotonic; stress-strain.
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1 Chapter 1: Introduction
1.1 Background
The 2011 Great East Japan Earthquake and tsunami generated approximately 20 million
tons of disaster waste and about 10 million m3 of tsunami deposits. Furthermore,
numerous geotechnical and geo-environmental problems occurred during this natural
disaster, predominantly in the coastal areas of Tohoku and North-Kanto in Japan (Inui et
al. 2012). The disposal of such wastes has become an important issue in Japan and it is
not realistic or economical to send all of these wastes to landfill sites, due to limited
space, high costs, and related environmental issues. Consequently, utilization of
significant volumes of the waste in the construction industry is considered to be the best
solution and helps support Japanese society.
The incorporation of disaster wastes and tsunami deposits into geotechnical projects is a
challenge due to the unknown (and potentially variable) behavior of these materials and
their properties. Therefore, several treatment and separation procedures were introduced
to split soils from disaster wastes and to utilize these soils in geotechnical structures
(Nakajima et. al., 2015). Various types of separated soils were obtained from the
treatment techniques in Japan based on the gradation of these materials (Morita et al.,
2012). The majority of the soils obtained in the final stage of the treatment are similar to
Toyoura sand with a trace of silt. Three general sources of soil material need to be dealt
with both now and in the future in Japan:
1) Soil fraction from the tsunami waste (seabed and beach soil),
2) Dredged seabed materials for reclaimed land (ports) and
3) Remediated silty sand soils for Tokyo Bay soils that did not perform well in the
earthquake.
To utilize these soils in geotechnical engineering, it is essential to understand and
evaluate their mechanical behavior and properties to avoid any future failure or stability
problems. In some geotechnical applications, mixing of the separated soils from disaster
wastes with additives (e.g. cement and fibre) is required to improve their strength and
liquefaction resistance. Consequently, it is important to also understand the mechanical
1

behavior of these amended soils, to fulfill the requirements for safe design of earthworks
structures incorporating these soils.

1.1.1

Soil Amendment of Stiffness and Strength

Various techniques have been employed previously in geotechnical engineering for soil
reinforcement, both traditional (e.g. natural fibres, metallic strips, geogrids, geotextiles,
geonets, geomembranes, etc) and innovative (e.g. cementation, grouting, chemical
stabilization, electrokinetics, polymer fibre reinforcement, etc) to enhance the strength of
weak and backfilled soils. The increase in strength and stiffness of these composite
materials are due to the properties of the host soil and the additives and/or the inclusions
(e.g. Michalowski and Cermak, 2003; Consoli et. al., 2003; Chen, 2006; Ibraim et. al.,
2010, 2012; Michalowski, 2008; Santos et. al., 2010a; Nakamichi and Sato, 2013;
Diambra and Ibraim, 2015. Of particular interest to Japanese industry have been fibres
and cement, since much of the disaster waste (e.g. gypsum and bamboo fibres) is already
available from the tsunami and earthquake deposits.
The use of randomly distributed flexible short fibres in soils are known to mimic the
strengthening behaviour of plant roots (Diambra, 2010; Hejazi et. al., 2012). This
technology is not new, but the mechanisms of soil reinforcement still need further
understanding. The fibre properties (e.g. fibre type, fibre length, fibre aspect ratio, etc...)
and fibre content (Santos et. al., 2010) play an important role in the fibre effectiveness
and its deformation characteristics in weak soils. For example, the soil granulometry (size
of particles, gradation, and shape) and properties of the fibre inclusions significantly
enhance the strength and deformation characteristics of Ottawa and Muskegon dune sand
(Maher et. al., 1990). The mechanical behaviour of fibre-reinforced granular material has
been found to be complex (Consoli et. al., 2002, 2009, Diambra, 2010). The effectiveness
of fibre inclusions only in sand has been investigated in several experimental studies (e.g.
Gray and Ohashi, 1983; Michalowski and Cermak, 2003; Michalowski, 2008; Diambra
et. al., 2010; Ibraim et. al., 2012) and theoretically (e.g. Di Prisco, 1993; Diambra et. al.,
2010; Ibraim et. al., 2010; Diambra and Ibraim, 2014, and 2015). However, despite this
significant body of work, there is a lack of consensus on the effectiveness of fibre
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inclusions on the mechanical behaviour of these composite materials (Nakamichi and
Sato, 2013; Schmidt, 2015).
The effect of cement alone on the compressive strength of artificially cemented soil has
also been investigated (e.g. Saxena and Lastrico, 1978; Coop and Atkinson, 1993;
Abdulla and Kiousis, 1997; Consoli et. al, 2009; Marri, 2010; Kutanaei and Choobbasti,
2016). Dilation characteristics in cemented cohesionless granular soils were studied by
Consoli et. al., (1998, 2002, 2009), Wang and Leung, (2008), Marri, (2010), and Salahud-din, (2012). The effect of confining pressure and cement (Schnaid et. al., 2001),
moisture content (Lovisa et. al, 2010), brittleness index, energy absorption, stiffness of
cemented sand (Consoli et. al, 2002) on the stress-strain behaviour of artificially
cemented sand has been investigated. However, limited research has been conducted on
the combined effects of both cement and fibres (Nakamichi and Sato, 2013). Hence, there
is scope for further experimental investigations to understand the mechanical behaviour
of such composite materials. It should be noted that the work that has been conducted to
date has used narrow graded sand, so there is much less data for more realistic sand
gradings with higher silt concentrations stabilized with cementitious and fibrous additives
(Schmidt, 2015).
There has also been development of constitutive (stress-strain) models for fibre
reinforced sands (e.g. Vidal, 1969, Waldron 1977; Maher and Gray, 1990; Villard et. al.,
1990; Prisco and Nova, 1993; Li and Ding, 2002; Zornberg, 2002; Michalowski and
Cermak, 2003; Chen, 2006; Ding and Hargrove, 2006; Ibraim and Maeda, 2007;
Michalowski, 2008; Santos et. al., 2010a; Diambra and Ibraim, 2015). Several other
researchers (Hirai et. al., 1989; Abdulla, 1997; Imam et. al., 2005; Gao and Zhao, 2012,
Liu, 2013; Zhao and Gao, 2015, Rahimi et. al., 2015) have also proposed constitutive
models simulating the mechanical behaviour of cementitiously enhanced soils under
monotonic loading. However, all of these proposed constitutive models, are currently
limited to modeling the mechanical behaviour of simple sand-fibre or sand-cement
matrices only. To the author’s knowledge, no systematic constitutive model has been
proposed in the literature to model the mechanical behaviour of combined cement-fibre
reinforced silty sand. In addition, the previously described experimental studies
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investigating fibre reinforced sands have focused almost exclusively on the determination
of shear strength parameters and sand-fibre matrix behaviour in triaxial compression
modes only, and few authors have tried to perform testing in extension modes (Diambra,
2010). This limits the accuracy and general applicability of these constitutive models and
an enhancement of the current test database is necessary.

1.2 Research Objectives
The main objective of the proposed research program is therefore to develop fundamental
knowledge of the monotonic stress-strain behaviour of Toyoura sand-silt-cement-fibre
mixtures. This study concentrates on the physical phenomena occurring in these materials
and develops an appropriate constitutive model to describe the composite material
mechanical behaviour. The proposed research work seeks to accomplish the following
milestones:
1. To gain better understanding of the mechanical behaviour and broaden the
database of previous studies on Toyoura sand with various additives such as silt,
cement, and fibre of differing percentages.
2. To assess the main factors affecting the monotonic stress-strain, volumetric strain,
pore water pressure, and stress path behaviour of unreinforced and reinforced silty
and cemented Toyoura sand.
3. To obtain pertinent model parameters (e.g. 𝑀∗ , 𝑞0 , Γ, 𝜆, 𝜅, 𝜙′𝑐𝑠 , ѱ, etc) for
constitutive modeling and design practice.
4. To develop a constitutive model able to predict the observed stress-strain,
volumetric strain, stress path behaviour of unreinforced and reinforced silty and
cemented Toyoura sand over the range of states found in this study and the
literature.
This work will be achieved by performing a comprehensive study of consolidated
undrained and drained triaxial tests under various loading conditions. Further
investigations such as, back pressure effect, curing duration, compression (load-unload),
fibre orientation distribution, and density variation tests will provide additional
information to complement the above-mentioned outcomes.
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1.3 Collaboration with Fukuoka University
In response to the Great East Japan Earthquake of 2011, industry and universities in
Japan have been trying to deal with the 24 million tons of disaster debris (such as
concrete products, natural and polymeric fibres, and tsunami deposits on the coast of
Japan). Much of this debris has been recycled in engineering projects, such as road
embankments, recreational park restoration, and agricultural field restoration around the
Tokyo Bay region (Nakamichi, 2013, Nakamichi and Sato, 2013). The event developed a
need for both waste disposal and improved stabilization of the reclaimed Tokyo Bay
coastline. During post-earthquake investigations, several areas around Tokyo Bay
showed soils that performed less well (related to liquefaction resistance) than expected;
these were sandy soils with relatively high silt contents and were predominantly in
reclaimed land areas (Schmidt, 2015).
Since then, there has been ongoing long-term collaboration between Western University
and Fukuoka University, Japan with a view to improving those soils, utilizing waste
streams and developing industry guidelines for construction. An in-depth coordinated
laboratory program of the static and dynamic mechanical effects of various inclusions
such as silt, different cementitious additives and various types of fibres in Toyoura sand
has been conducted at both universities over the last seven years. Initial studies on
polyvinyl alcohol fibre (PVA) inclusions and Portland cement have been published
recently (Nakamichi, 2013; Schmidt, 2015) and results from the tests performed
confirmed that the addition of polymer fibres and cement improved the liquefaction
resistance, undrained shear strength, and stiffness of silty and unreinforced Toyoura sand.
Further work on bamboo fibres, gypsum, and cement is currently being conducted in
Japan. A comprehensive investigation of the static performance of these types of
materials is vital to support the range of studies being conducted. The current study forms
a part of this overall collaborative program with Fukuoka University and addresses this
aspect of the work.
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1.4 Outline of Thesis
This thesis consists of 7 chapters. The background of the research, objectives and outline
of this research is given in Chapter 1. In particular, gaps in previous studies and the focus
of this study is briefly presented. The additional six chapters present the details of the
research work conducted to achieve the aforementioned aims and objectives.
Chapter 2 describes the existing literature on this area in more detail and highlights
various methods and innovative techniques used for enhancing the mechanical properties
of granular host soils. Moreover, it also links and summarizes the previous and
contemporary experimental and theoretical developments made in the field of constitutive
modeling of composite granular materials.
Chapter 3 presents the methodology for this research, describing the testing equipment,
materials used, sample preparation techniques and testing program undertaken in the
laboratory investigation of unreinforced and fibre reinforced silty and cemented Toyoura
sand. A conventional triaxial apparatus and moist tamping specimen preparation
techniques haves been used for testing unreinforced and reinforced Toyoura sand samples
reinforced with Ordinary Portland Cement and Polyvinyl Alcohol (PVA) fibres.
Chapter 4 reports the experimental results and analysis of conventional monotonic
undrained and drained triaxial compression and extension tests and determination of the
stress-strain, pore water pressure, volumetric strain behaviour of unreinforced and fibre
reinforced cemented Toyoura sand. The triaxial tests were performed with a range of
mean effective stresses, differing percentages of fibres, and cement contents.
Chapter 5 summarizes the results and discussions of studies of the effect of back
pressure, curing duration, silt content, compression (load-unload), shear wave excitation,
local strain measurement, fibre orientation, and density variation on the testing.
Chapter 6 presents the mathematical derivation, theoretical developments and comparison
of predictive behaviour of the proposed constitutive model with the experimental results
in Chapter 4 and 5.
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Chapter 7 summarizes the important findings from the experimental results and
theoretical developments along with limitations and future recommendations of the work,
to further the understanding of the monotonic mechanical behaviour of fibre reinforced
silty and cemented sands.
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2

Chapter 2: Literature Review

2.1 Introduction
To provide cost effective and environmentally sustainable solutions for many
geotechnical projects, soils have been stabilized with different types of additive.
Stabilized and reinforced soils are composite materials that result from an optimized
combination of the properties of the individual constituent materials (Consoli et. al.,
2009). Such ground improvement techniques are commonly applied to various
geotechnical projects that include pavement structures, embankments, slope stability,
dams, and foundations (Maher and Ho, 1993). Fibre and cement additives are often used
to reinforce soils and improve the engineering behaviour (e.g. compaction, permeability,
compressibility, shear strength, and stiffness) and basic properties (e.g. unit weight, void
ratio, particle size distribution, and relative density). The effects of fibre and cement
additives in granular soils have been studied by previous researchers with many forms of
laboratory test (e.g. splitting tensile strength, unconfined compression, isotropic
compression, direct shear, ring shear, bender element, and conventional triaxial).
The focus of this thesis is the amendment of silty sand soils with low fibre and cement
contents. Hence, in this chapter, a detailed review of the literature on the amendment of
granular soils using fibre, cement, and fibre with cement is presented. Several studies
have also focused on the development of constitutive models to simulate the mechanical
behaviour of such composite materials. Therefore, a literature review of the development
of constitutive models used to simulate such composite materials is also presented to
provide physical insights into the phenomena occurring during soil loading and the
reasons for enhancement of the soil performance. Finally, a brief summary of the chapter
content is provided at the end with special emphasis on critical review, literature gaps,
and the research needed to fill those gaps.

2.2 Fibre Additives
To stabilize and enhance the mechanical properties of granular soils, several soil
reinforcement techniques have been used, but improvement with fibre inclusions is
considered to be one of the most effective methods (Al-Adili et. al., 2012). In the modern
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history of soil reinforcement, the concept of improving the mechanical properties of soils
was first presented by Vidal, (1969). It was reported that fibres provide frictional
resistance and enhanced the tensile failure strength. The effectiveness of reinforcement
is influenced by various fibre properties including type, fraction, length, aspect ratio,
modulus of elasticity, orientation and also soil characteristics including particle size,
shape, gradation and density, as well as stress level (Wei, 2013). Past research has
demonstrated that the inclusion of fibres can significantly improve the response of soils
under both static and dynamic loading conditions.
A summary of the most important literature on fibre additives is given in Table 2.1. This
shows the different types of tests performed (e.g., direct shear, triaxial compression and
extension, isotropic compression, etc…), the types of fibres (e.g., polypropylene,
polyvinyl alcohol, coir, steel, polyamide, etc …), form of sand (e.g., clean quartz, poorlyuniformly graded, Hostun, Osorio, Ottawa, Toyoura etc …), density of samples (e.g.,
loose-dense), pressure ranges (e.g., 0-2 MPa), fibre dimensions (e.g., 0-0.3 mm in
diameter and 0-100 mm in length), and fibre content (e.g., 0-6%). A brief description on
the tested parameters (e.g., confining pressure, relative density, fibre content, loading
condition, drainage condition, fibre diameter, length, content, type of sand, etc …) is also
presented at the end of the table. The commentary in this section will refer to this table.
Gray and Ohashi (1983) studied the mechanics of fibre reinforcement in cohesionless
soils and showed that the inclusion of fibres (0-1.7% by weight) significantly increased
the peak shear strength (e.g., 10-50%) and limited the post-peak reduction in shear
resistance of soils under static loads. They also found that sand-fibre parameters such as
fibre content, orientation of fibres with respect to the shear surface, and fibre modulus
influenced the contribution of fibres to the enhanced strength. Later works by Gray and
A1-Refeai (1986), Gray and Maher (1989), Maher and Gray (1990), and Fatani et. al.,
(1991) have expanded the knowledge of the mechanisms involved (e.g., slippage between
fibres and sand grains, fibre orientation, frictional resistance, pull out, bonding effect,
strain level dependency).
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Subsequently, more detailed studies on soils reinforced with various kinds of fibre
inclusion (e.g. polypropylene fibre, polyvinyl alcohol fibre, nylon fibre, polyester fibre,
rubber fibre, plastic glass) have been performed by other researchers (Broms, 1977; Saran
et. al., 1978; Talwar and Saran, 1983; Gray and Ohashi, 1983; Fukushuima et. al., 1988;
Shewbridge and Sitar, 1989; Shamsher, 1992; Haeri et. al., 2006; Consoli et. al., 1998;
2002, 2003, 2005, 2007, 2009, 2010, 2011; Diambra et. al., 2010, 2011, 2013; Ibraim et.
al., 2012; Diambra and Ibraim, 2014, 2015) who successfully demonstrated the
effectiveness of different fibre additives in soil improvement. In the later sections of the
chapter, the literature on the effect of deformation mechanism of fibres, orientation
distribution, fibre-sand interaction mechanism, tests performed, types of fibres, fibre
content and length is presented.
Figure 2.1a shows typical deviator stress-shear strain data for unreinforced and reinforced
specimens with different fibre concentrations under triaxial compression conditions. The
initial stiffness of the composite soil is not influenced by the presence of the fibres and the
increased mobilized strength induced by the addition of fibres can be significant and
highly dependent on the fibre content (e.g., 0-0.6%). The fibres inclusion does not affect
the initial tangent stiffness of the sand specimens. This observation is consistent with the
conclusions of Ranjan et. al., (1996), Consoli et. al., (2003), and Michalowski and
Cermak (2003). It can also be seen that, there is negligible increase in mobilized strength
in triaxial extension. Diambra et. al., (2010) demonstrated that the preferred horizontal
bedding of fibres or fibre orientation induced by the moist tamping technique (Ladd,
1978) can be considered responsible for this limited increase in extension loading
conditions.
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Figure 2.1 Deviator stress-shear strain and volumetric strain-shear strain response for
drained triaxial tests on unreinforced and reinforced samples with different fibre
percentages, isotropically consolidated to 100 kPa (Diambra et. al., 2013)
In the volumetric plane (see Fig. 2.1b), the contractive behaviour of the unreinforced
sample becomes more dilative when fibres are added for both compression and extension
conditions. Furthermore, it may be expected that pronounced tensile contribution
of the fibres would provide increased matrix confinement and in turn more
contractive response (Diambra et. al., 2013). Consoli et. al., (2003), and Michalowski and
Zhao (1996) demonstrated that the inclusion of fibres inhibited the dilation of sand in
triaxial tests. Based on plate load tests results, Consoli et. al., (2009) also deduced that the
fibres suppress the sand dilation. Consoli et. al., (2009) reported that fibre-reinforced
sand having a relative density of 50% exhibited minor changes in the dilation angle
during shearing unlike unreinforced sand at the same stress level.
However, Ibraim and Fourmont (2006), and Diambra et. al., (2010) reported that fibrereinforced sand exhibited higher dilation tendency than unreinforced sand. In addition,
Eldesouky et. al., (2016) reported that the maximum dilation angle of the dry siliceous
sand specimens increased by about 10° when the fibres content was increased from 0.0%
to 1.0%. The same effect was encountered when the relative density was increased from
25% to 90%. Moist specimens had lower maximum dilation angle values than
corresponding dry ones. Previous studies did not reveal a consistent trend with respect to
the effect of randomly distributed fibres on the volumetric change behaviour of fibrereinforced sand. Thus, additional laboratory investigations should be further considered
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to explain the experimentally observed dilation (Diambra et. al., 2013), limited increase
in initial stiffness, and several other parameters discussed in these sections.

2.2.1

Deformation Mechanism of Fibre Reinforced Soils

A brief overview of the deformation mechanism of fibre and the potential benefits in
strength increase is presented here. Figure 2.2(a) shows the local deformation of an intact
single fibre crossing a shear zone during a triaxial shear compression test. The positions
of the fibre before and after the shear deformation to failure are given by MNQP, and
MNQ'P', respectively. Shear deformation distorts the fibre, thereby mobilizing its tensile
resistance. The tensile force in the fibre can then be divided into two components, one
tangential and the other normal to the shear zone. The normal component mobilizes
additional shear resistance in the sand by increasing the confining stress on the shear
zone, while the tangential component directly opposes the shear displacement (Maher and
Gray, 1990). The tensile stress that develops in the fibre on the shear plane is mainly a
function of the fibre response to shear deformation (Fatani et. al., 2001). This response
can manifest itself in stretching, slipping, or breaking (Gray and A1-Refeai, 1986; Maher
and Gray, 1990; Fatani et. al., 1991; Maher and Ho, 1994).

Figure 2.2 (a) Deformation mechanism of fibre reinforced soil (Maher and Gray, 1990);
(b) Stress-strain behaviour of specimens prepared at varying fibre contents (Li, 2005)
The selection of peak or residual shear strength parameters for soils in geosyntheticsreinforced soil structures have been a controversial issue (Zornberg, 2002). This problem
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also exists with fibre reinforced soils. Li (2005) conducted a study on medium dense
granular materials and reported that fibre inclusions were found to improve the post-peak
behaviour of the soil. Evaluation of the stress-strain curve (see Fig. 2.2b) of the fibre
reinforced soil indicates that mobilization of the fibre tension generally requires a strain
level higher than that corresponding to the peak strength of the unreinforced soil. This
observation provides insight into the appropriate selection of soil shear strength
parameters (e.g. peak or residual) that should be used in the design of geotechnical
structures (Li, 2005).
Figure 2.2 (b) shows a comparison of the stress-strain behaviour of medium dense
specimens with varying fibre contents. Ductile behaviour is more evident for specimens
with higher fibre content. The specimen with fibre content = 0.2% shows slight loss in
post-peak strength. In contrast, the specimen prepared with fibre content = 0.4% shows
no post-peak shear strength loss up to the maximum strain tested (e.g., axial strain =
20%). For specimens with varying fibre content, the strain at peak strength increases
with increasing fibre content. For unreinforced soil, the strain at peak strength is about
5%, while for specimens with the highest fibre content (e.g., 0.4%), the maximum
strength is reached at strain level of approximately 20%. This observation suggests that
the mobilization of fibre-induced tension may take place at relatively high strain levels
(Li, 2005).
The initial portions of the stress-strain curves of the fibre reinforced and unreinforced
specimens are approximately similar. Accordingly, the soil skeleton appears to resist
most of the applied load at small strain levels, while the load resisted by the fibres is
more substantial at higher strain levels. The larger strain corresponding to the peak
deviator stress displayed by the fibre reinforced specimens suggests that fibres increase
the ductility of the reinforced soil specimen. Similar results and conclusions were found
in a few recent studies (Romero, 2003; Chen, 2007; Diambra, 2010; Salah-ud-din, 2012;
Nakamichi and Sato, 2013; Schmidt, 2015).
Tang et. al., (2010) investigated the micromechanical behaviour of the interacting soil
particles and reinforcing polypropylene (PP) fibres. They concluded that the interfacial
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shear resistance of fibre-soil depends primarily on the rearrangement resistance of the
soil particles (see Fig. 2.3b) effective interface contact area, fibre surface roughness and
soil composition (Hejazi, et. al., 2012). Figure 2.3 shows a scanning electron microscopy
(SEM) image of a fibre-soil mixture and the schematic of the fibre and soil interaction.

Figure 2.3 (a) SEM image of soil particles attached on the fibre surface after a pull-out
test and (b) drawing of interfacial mechanical interactions between soil particles and
fibres (Tang et. al., 2010)

2.2.2

Effect of Fibre Orientation Distribution

Mixing sand with randomly orientated discrete flexible fibres is found to most effectively
enhance the strength and influence the deformation characteristics. Fibres mainly offer
their contribution when subjected to tension and the orientation of the fibres within a
specimen is therefore found to be particularly important for the strength of reinforced
soils (Michalowski and Cermak, 2002). Fibres are in general most influential when
orientated in the same direction as the tensile strains (Diambra, 2010). Fibres that
contribute most to strength are those with an orientation in the direction of maximum
specimen extension (Michalowski and Cermak, 2002; Michalowski, 1997; Michalowski,
2008). The random fibre orientation has been deemed most effective as it will not create
planes of weakness in the sample during shearing (Schmidt, 2015).
Figure 2.4 (a) shows the stress-strain behaviour of rigid steel fibre reinforced sand under
various fibre orientation conditions. It can be seen that the maximum extension occurs in
the horizontal plane. Therefore, the contribution of the horizontal fibres is the largest. In a
specimen with randomly distributed fibres, a portion of the fibres is compressed, and a
portion is subjected to extension (of varying intensity). Consequently, the overall
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contribution of these fibres to strength is less than that of the horizontal fibres with the
same fibre concentration. Since the domain of tensile strains varies with the loading
conditions, it is impossible to universally define an optimum fibre orientation; the most
desirable fibre orientation is obviously related to the particular geotechnical application
and the working conditions. However, it is of particular interest to find methods for
controlling or, at least, for assessing the distribution of fibre orientations induced by a
certain mixing and sample formation procedures (Diambra, 2010).
Gao and Zhao, (2013) presented the relevance of fibre orientation distribution in practical
geotechnical applications (e.g., slope stability) and stated that the reinforcing effect is
strongly dependent on the relative orientation between the loading direction and the
preferred fibre orientation. In addition, they suggested that special attention should be
paid to optimal placement of the fibres during construction. As an example, Fig. 2.4 (b)
shows as a schematic of optimal fibre orientation for stabilization of an inclined slope
with fibres. The preferred fibre orientation plane is assumed to be parallel to the out-ofplane direction. The stress state for a soil element along the failure surface at various
depths can then be described by the angle between the major principal stress direction
(𝜎1 ) and the vertical direction (𝜉). The example of a homogeneous slope with a potential
slip surface shown in Fig. 2.4 (b) can be taken as an illustration of the importance of the
orientation of fibre and major principal stress direction on the potential failure plane in a
homogeneous soil slope.

Figure 2.4 (a) Stress-strain behaviour for steel fibres under various orientation conditions
(Michalowski and Cermak, 2002); (b) Schematic of optimal fibre orientation for
stabilization of a slope with fibres
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2.3 Effect of Different Types of Fibre Additives
Soils reinforced with different types of synthetic (e.g. polypropylene, polyvinyl alcohol,
nylon, polyester, rubber, plastic glass), natural (e.g. coir, sisal, palm, jute, flax, cane, tree
roots, and bamboo), and metallic fibres (e.g. steel, copper wire), have been investigated
in the laboratory (Gray et. al., 1983).
Polypropylene fibres are found to be hydrophobic, non-cohesive, and resistant to alkalis,
chemicals and chlorides, economical and are the most widely used synthetic fibres in soil
reinforcement (Hejazi et. al., 2012). Polyvinyl alcohol (PVA) fibre has superior weather
resistance, chemical resistance (especially alkaline resistance), and tensile strength
compared to that of polypropylene (PP) fibre (Park, 2009).
Gowthaman et. al., (2018) presented a review of the literature on natural fibres. It was
reported that tensile strength of bamboo fibres were about nine times higher than that of
synthetic fibres. Also, bamboo fibres exposed surface roughness up to 3.5 times higher
than that of conventional synthetic fibres, which led to higher pull-out resistance.
Bamboo fibres were found to be adequate to control the settlement of sandy silt by 20–
30%, whereas, settlement controlled by synthetic fibres was only 10–15%. At the same
time, bamboo fibres controlled the settlement and lateral deformation of soft clay by
around 21% and 31% respectively.
The addition of different types of fibres (e.g. steel and polyamide) to cohesionless soils,
has a marked influence on the mechanical behaviour. As the soil-fibre mixture deforms,
the straining of the soil generates different stresses in the different fibres (Wood et. al.,
2016). Michalowski and Cermak, (2003) reported that, the initial stiffness of the
composite was affected by the different characteristics of the steel and polyamide fibres
(e.g., stiffness, roughness, rigidity, size etc…). Previous research with steel fibres and
sand (Michalowski and Zhao, 1996) indicated that even larger fibre concentrations (e.g.,
1.25% by volume) had no adverse effect on the initial stiffness. In addition, steel fibres
had a reinforcement effect only slightly higher than polyamide fibres of the same
geometry. It was further concluded that, this difference might be attributed to a larger
interfacial friction angle of steel fibres compared to polyamide fibres. In addition, it was
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reported that the strain levels or mobilization resistance for steel fibre (e.g., stiff) is
greater than that of polyamide fibres (e.g. flexible) due to their greater stiffness.

2.4 Effect of Fibre Content and Length of Fibres
The fibre contents studied have generally ranged from 0.5-6% (Gray, 1988). Fibre
concentration (e.g. 2-3% by weight) enhances the strength of soil up to a certain
threshold value (Gray et. al., 1983; Gray and Al-Refeai, 1986; Maher and Ho, 1994;
Santoni et. al., 2001; Diambra, 2010; Wei, 2013). In terms of post-peak behaviour, there
is a consensus that the addition of fibres to soil reduces the loss in post-peak strength
(Gray and Al-Refeai, 1986; Ranjan et. al., 1996; Casagrande et. al., 2006), but has the
effect of increasing the amount of volumetric compression at rupture (Bueno et. al., 1996;
Stauffer and Holtz, 1996). The higher the fibre content, the larger the volumetric
deformation found (Shewbridge and Sitar, 1989; Nataraj et. al., 1996). At high confining
stresses, the compressive strength of reinforced sand appears to increase linearly with the
concentration of fibres (the fibre concentration is conveniently expressed in terms of
weight or volume fraction of dry sand); for low confining stress, this increase approaches
up to an asymptotic upper limit (Gray and Al-Refeai, 1986; Ranjan et. al., 1996, Wei,
2013).
In addition, the strength improvement at failure is linked with the fibre length: the longer
the fibres the larger the strength increases (Gray et. al., 1983; Al-Refeai, 1991;
Michalowski, 1996; Santoni et. al., 2001; Consoli et. al., 2007). When fibres are
stretched, the mobilized tensile stress in the fibres is zero at their ends and increases
towards the fibre centre (Maher and Gray, 1990; Michalowski and Cermak, 2002;
Michalowski, 2008; Wei, 2013). Longer fibres may accumulate enough strains to allow
the tensile strength of the fibres to be reached, while shorter fibres would simply slide
through the sand particles before the fibre strength is reached (Diambra, 2010). Indeed,
the portion of the fibres where the tensile strength is fully mobilised increases with the
length of the fibres itself. However, there seems to be a limit to the length of fibres
beyond which any further increase in length has no effect on the shear strength (AlRefeai, 1991). The length of the fibres should be at least one order of magnitude greater
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than the size of the grains for achieving an effective fibre-sand interaction (Michalowski
and Cermak, 2003).

2.5 Cement Additives
Soil stabilization using cementitious material is another widespread method to enhance
the mechanical properties of soil (Sariosseiri and Muhunthan, 2009). One of the
distinguishing characteristics of cemented sands is their ability to support high loads,
such as for steep natural slopes (Clough et. al., 1981). Mixtures of soil and cement have
also been used increasingly in recent years to construct stabilized bases under concrete
pavements (Maher and Ho, 1993). In general, cement additives strongly affect and
ultimately increase the shear strength of weak soils. Static and dynamic strength is
enhanced by increasing percentages of cement (e.g., 0-4% by weight). Several
researchers have investigated the peak and post-peak stress-strain (Clough et. al., 1981;
Chang and Woods, 1992; Airey, 1993; Coop and Atkinson, 1993; Consoli et. al., 1998;
Schnaid et. al., 2001; Martins et. al., 2005; Sariosseiri and Muhunthan, 2009; Marri,
2010; Porcino et. al., 2011; 2012; Salah-ud-din, 2012; Schmidt, 2015), curing conditions
(Ingles and Metcalf, 1972, Consoli et. al., 1998, 2009), microstructure (Chang and
Woods, 1992; Marri, 2010; Salah-ud-din, 2012; Schmidt, 2015), compression (Marri,
2010; Salah-ud-din, 2012; Schmidt, 2015) behaviour of naturally and artificially
cemented sands. A summary of the most important literature on cement additives is given
in Table 2.2. This table shows different types of tests performed (e.g., direct shear,
triaxial compression and extension, isotropic compression, etc…), form of sand (e.g.,
clean quartz, poorly-uniformly graded, Hostun, Osorio, Ottawa, Toyoura etc …), density
of samples (e.g., loose-dense), pressure range (e.g., 0-20 MPa), and cement content (e.g.,
0-15%). A brief description on the tested parameters (e.g., confining pressure, relative
density, cement content, loading condition, drainage condition, type of sand, brittleness
index, energy absorption capacity etc …) is also presented at the end of the table.
Artificial cementation of granular soils results in an increase of stiffness and peak
strength (e.g., Clough et. al., 1981) associated with a more dilative response (e.g.,
Schnaid et. al., 2001) and a pronounced post-peak brittleness (e.g., Wang and Leung
2008). Cementation also gives rise to some tensile strength (e.g., Clough et. al., 1981).
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Maher and Ho, (1993) also stated that, cement increases the volumetric stability, and
increases the liquefaction resistance in sandy soils. Clough et. al., (1981) suggested that
the nature and amount of cement, confining stress, density, gradation, and structure are
the governing variables. In addition, Gens and Nova (1993) stated that soil behaviour is
affected by geological and stress-strain history, and also depends on strain rate,
temperature, and principal stress direction. Other works pointed out the importance of
the load rate (Clough et. al., 1979), the stress path (Bressani and Vaughan 1989; Reddy
and Saxena 1992; Bressani et. al., 1994), microstructure, and inter-particle bonds (Chang
and Woods 1992) for cemented soil behaviour.
Consoli et. al., (1998) reported that strength of unreinforced sand and stiffness were
dramatically enhanced but post-peak behaviour was least affected by cement; the dilation
rate increased, and the post-peak behaviour was found to be extremely brittle. In
addition, the results showed that the friction angle was same for uncemented and
cemented specimens, 34°. Schnaid et. al., (2001) also investigated the effect of cement
and studied the mechanical behaviour of artificially cemented sandy soil. The results
showed that the unconfined compressive and shear strength of sand increased with
increasing percentages of cement. Figure 2.5 clearly shows the soil behaviour to be
strongly dependent on the cement content. In general, the stress-strain behaviour of the
cemented soil can be described as initially stiff, apparently linear up to a well-defined
yield point, beyond which the soil suffers increasingly plastic deformations until failure.
As the cement content increases (e.g., 0-5%), both peak strength and initial stiffness
increase. In contrast to uncemented soil, cemented specimens show a marked brittle
behaviour at failure with well-defined shear planes being formed. This brittle response
increases with increasing cement content and decreases as the initial mean effective stress
increases. The axial strain at failure decreases with increasing cement content and
decreasing initial mean effective stresses. As for the volumetric response, the cemented
specimens show an initial compression followed by a strong expansion with the
maximum dilation rate taking place right after the peak strength. Subsequently, the
dilation rate decreases as the soil approaches an ultimate stable condition. Finally, Fig.
2.5 suggests the existence of an ultimate state, where the deviatoric stress approaches a
constant value with increasing axial strain that seems to not be affected by cementation.
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Sariosseiri and Muhunthan, (2009) reported that the type of soil was important in
studying the improvement due to the cement additive. Therefore, while increased strength
was achieved by cement treatment, it was recommended higher percentages of cement
might have adverse effects for certain field applications.

Figure 2.5 Stress-strain and volumetric strain behaviour for uncemented and cemented
sand (Schnaid et. al., 2001)
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Cemented sand that showed a brittle failure pattern can be reinforced with fibre to
prevent such brittle failure (Park, 2009). Past research on cemented sand has focused
almost exclusively on longer curing duration (e.g., 7-28 days) and higher cement content
(e.g., 0-16%). Hence, further laboratory investigations on lower cement content (e.g., 03%) and short curing duration is essential in relation to cost and field applications,
respectively.

2.5.1

Microstructure and Mechanism of Enhancement

In order to achieve a successful bond, the cement particles need to coat most of the soil
particles. To provide good contact between soil particles and cement, and thus efficient
soil cement stabilization, mixing the cement and soil with certain particle size distribution
is necessary. Soil-cement is a highly compacted mixture of soil/aggregate, cement, and
water. Soil-cement is sometimes called cement-stabilized base, or cement-treated
aggregate base. Soil-cement becomes a hard and durable material as the cement hydrates
and develops strength. Cement stabilization is done when the compaction process is
continuing. As the cement fills the void between the soil particles, the void ratio of soil is
reduced. After this when water is added to the soil, cement reacts with water (known as
hydration of cement) and goes hard. So, unit weight of soil is increased. Because of
hardening of cement shear strength and bearing capacity is also increased (Afrin, 2017).
Cement hydration involves a number of coupled chemical processes, each of which
occurs at a rate that is determined by the nature of the process and the state of the system
at that instant. Bullard et. al., (2011) listed the processes (mechanism of enhancement)
that fall into one of the following categories:
1. Dissolution/dissociation involves detachment of molecular units from the surface
of a solid in contact with water. A good comprehensive review of dissolution
kinetics was performed by Dove et. al., (2005).
2. Diffusion describes the transport of solution components through the pore volume
of cement paste or along the surfaces of solids in the adsorption layer.
3. Growth involves surface attachment, the incorporation of molecular units into the
structure of a crystalline or amorphous solid within its self-adsorption layer.
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4. Nucleation initiates the precipitation of solids heterogeneously on solid surfaces
or homogeneously in solution, when the bulk free energy driving force for
forming the solid outweighs the energetic penalty of forming the new solid liquid
interface.
5. Complexation, reactions between simple ions to form ion complexes or adsorbed
molecular complexes on solid surfaces.
6. Adsorption, the accumulation of ions or other molecular units at an interface, such
as the surface of a solid particle in a liquid.
Calcium silicates (e.g., C3S and C2S) are the two main cementitious properties of
ordinary Portland cement responsible for strength development (Al-Tabbaa and Perera,
2005). Calcium hydroxide is another hydration product of Portland cement that further
reacts with pozzolanic materials available in stabilized soil to produce further
cementitious material (Sherwood, 1993). Many researchers (e.g., Gartner et. al., 2002;
Kaschiev and Rosmalen, 2003; Dove et. al., 2005; Schmidt, 2015) have examined the
microstructure of cement stabilized sands to determine the mechanisms of chemical and
mechanical bonding between the sand particles due to cement hydration. Although
Ordinary Portland Cements (OPC) have been the object of study for decades, the
hydration process of OPCs still remains a subject of scientific debate. The hydration in
question is quite a complex process which includes dissolution and precipitation
reactions. One important unresolved question is how to explain the influence of different
factors on the hydration kinetics, as visible in typical heat flow diagrams (Jansen et. al.,
2012). Jansen et. al., (2012) reported that the heat released during the hydration of a
commercial OPC can be assigned mainly to three mechanisms, the silicate reaction [sum
of dissolution of alite and precipitation of calcium silicate hydrate (CSH) phase and
portlandite], the dissolution of tricalcium aluminate (C3A), and the precipitation of
ettringite. The contributions made by anhydrite dissolution and gypsum dissolution to the
heat released during hydration turned out to be quite small.
In concrete, the single most significant influence on most or all of the properties is the
amount of water used in the mix. Wong and Buenfeld, (2009) proposed a new
microscopy-based method for estimating the cement content, water content and free w/c
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ratio of Portland cement-based materials with unknown mixture proportions and degree
of hydration. The method first measured the volume fractions of the unreacted cement,
hydration products and capillary pores using field emission scanning electron microscopy
in the backscatter mode, then calculated the original cement content, free water content
and free w/c ratio. The proposed method made use of the volumetric ratio of hydration
products to the reacted cement, and slightly dependent on the cement composition, but
invariant to w/c ratio and curing age. Preliminary results were encouraging, whereby a
good agreement was observed between the estimated and actual values for ordinary
Portland cement pastes with a range of w/c ratios (0.25-0.50) and curing ages (3-90
days).
Soil gradation is another crucial design consideration as it controls the amount of cement
required in the mix design. For economic reasons in soil stabilization projects, the
amount of fines (i.e. particles smaller than 0.08 mm) is normally limited to 5 to 35
percent to control the amount of the required cement (ACI, 1990). As cement paste
provides the binding capacity between soil particles, increases in the cement content
normally results in improvements in the mechanical and hydraulic properties of the final
product (Felt and Abrams, 1957; ACI, 1990). The cement content typically ranges from 3
to 16 percent (i.e. weight of cement/weight of the dry soil) in soil-cement applications
(BRAB, 1969). Assuming the soil type and cement content is fixed for a mix design, the
structure and performance of the final product is greatly influenced by the available water
at the time of mixing (i.e. w/c ratio). In addition, the structure of soil-cement evolves with
time due to cement hydration being a slow process, resulting in improvements in its
performance (Jamshidi, 2014).
According to Mindess et. al., (2003), the cementing action of Portland cement is mainly a
result of the hydration reactions of tricalcium silicate (i.e. alite) and dicalcium silicate
(belite). Calcium hydroxide and calcium-silicate-hydrates account for over 70 percent of
the total products during the hydration of cement (examples of other products include
monosulfoaluminate and ettringite). While calcium hydroxide has a well-crystalized
structure and develops in the solution, calcium-silicate-hydrates are poorly crystalline
materials (therefore often referred to as CSH gel in the literature) and form around
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cement particles in the initial stages of the hydration process. As the hydration process
continues, the thickness of this CSH layer on the cement particles increases resulting in a
barrier which restricts the access of water to the unreacted alite and belite phases (i.e. the
reaction becomes diffusion controlled). As a result, the hydration of cement is a very
slow process and the structure of the cement paste continues to evolve over time (i.e.
curing duration).
Biricik and Sarier (2014) studied the microstructure of cement mortars, impregnated with
nano silica (NS), silica fume (SF) and fly ash (FA), using scanning electron microscope
(SEM). Results of the SEM images of the fracture surfaces of ordinary Portland cement
(OPC), nano-silica (NS10), silica fume (SF10) and fly ash (FA10) after 28 days of curing
are given in Fig. 2.6. The SEM images of OPC (Fig. 2.6a), SF10 and FA10 (Fig. 2.6c
and 2.6d) display all hydrated cementitious products including CSH. At the same time,
deposits of small and large CH crystals were dispersed in the hardened cement mortars,
which are often in OPC and were quite occasional in FA10 and SF10. The SEM image of
NS10 (Fig. 2.6b) differs from the SEM images of OPC, SF10 and FA10, where the
texture of the hydration products seemed denser and more compact. Large crystals of CH
were not observed all through the structure.
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Figure 2.6 SEM images of the specimens after 28 days of curing: a) OPC (control group),
magnification x5,000; b) NS10, magnification x15,00; c) SF10, magnification x5,000; d)
FA10, magnification x5,000 (Biricik and Sarier, 2014)

2.6 Fibre Combined with Cement Additives
In spite of the numerous applications, there are no field dosage methodologies based on
rational criteria for fibre reinforced cemented soils. Usually the fibre reinforced
cemented soil strength is assessed by numerous laboratory tests that aim to find the
minimum amount of cement or fibre that meet the target property. This approach
probably results from the fact that soil-cement-fibre shows a complex behaviour that is
affected by many factors, for example the physical-chemical properties of the soil, fibre
characteristics, the amount of cement, and the porosity and moisture content at the time
of compaction (Clough et. al., 1981; Porbaha et. al., 2000; Consoli et. al., 2000, 2001,
2006, 2007, 2009, 2010). Cemented soils increase the strength and initial stiffness and
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reduce the compressibility of naturally occurring weak soils. As brittleness of soil
increases with increasing cement content, sudden brittle failure might occur without
plastic deformation.
Fibres are therefore used to reduce the brittleness of cemented soils (Park, 2009). A
number of studies have reported the combined effect of cement and fibre on the
mechanical behaviour of sandy soils (e.g., Nakamichi and Sato, 2013; Schmidt, 2015). A
summary of the most important literature on fibre and cement additives is given in Table
2.3. Again the table shows the different types of test performed (e.g., direct shear, triaxial
compression and extension, isotropic compression, etc…), form of sand (e.g., clean
quartz, poorly-uniformly graded, Hostun, Osorio, Ottawa, Toyoura etc …), density of
samples (e.g., loose-dense), pressure range (e.g., 0-1000 kPa), fibre content (e.g., 0-4%),
cement content (e.g., 0-10%). A brief description of the tested parameters (e.g., confining
pressure, relative density, fibre type and concentration, cement content, loading
condition, drainage condition, type of sand, brittleness index, energy absorption capacity
etc …) is also presented at the end of the table.
Hamidi and Hooresfand, (2013) conducted consolidated drained triaxial tests on sand
reinforced with fibre and cement. They found that the addition of fibre increased peak
and residual shear strength and reduced residual dilation. They also showed that the
ductility of cemented soil increased as fibre content increased and noted that polyester
and glass fibres slightly reduced the peak cohesion intercept and brittleness of the
cemented composite. Figure 2.7 shows the deviatoric stress and volumetric behaviour for
different cement and fibre contents. All of the stress-strain curves show an apparent peak
associated with the failure point. After that, the slope of the shear stress curve flattens
and approaches a constant value for axial strains of about 20%. Increasing the confining
stress increased the strain associated with the peak shear stress and reduced post-peak
softening behaviour. The change in volumetric strain versus axial strain shows
compressive volumetric strains for low axial strain followed by large dilations. An
increase in confining pressure increased initial contractive behaviour and reduced the
residual dilation. The residual dilation also decreased as fibre content increased. This is
also in agreement with the research by Consoli et. al., (1998, 2009).
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A method of suppressing liquefaction using a solidification material and tension
stiffeners by conducting laboratory cyclic triaxial tests was presented by Nakamichi and
Sato, (2013) and Schmidt, (2015). The results showed that the liquefaction resistance was
increased, due to the increase of cohesion from the added solidification material. For the
added solidification material, the inter-particles forces of sand due to this cohesion
suppressed liquefaction. The effect of shear deformation suppression also increased due
to the development of apparent cohesion.
Most of the research in the literature has focused on the benefits of adding fibres and
cement to the shearing strength of the host soil (e.g. Michalowski and Cermak, 2003;
Lirer et. al., 2011). The isotropic/normal compression behaviour of fibre reinforced
cemented soils has been studied less. Consoli et. al., (2005) found that unique isotropic
normal compression lines (NCL) exist for non-reinforced and for reinforced sands, that
are parallel to each other, with the NCL for the reinforced soil lying above the NCL for
the pure soil. Similar results were found by Santos et. al., (2010) from isotropic
compression tests on fibre-reinforced and pure fine sand. They also analysed the
mechanics at particle level and found that fibre-reinforced sands underwent less
breakage than non-reinforced sands. However, the amount of breakage was very small
since the sand particles' mineralogy consisted mainly of quartz, and it was not quantified.
Several researchers (Consoli et. al., 2005; Santos et. al., 2010; Marri, 2010; Salah-ud-din,
2012) performed high pressure isotropic compression tests on fibre reinforced and
investigated the compression behaviour of this type of geomaterial. A unique normal
compression line was found for the reinforced sands, parallel to the normal compression
line (NCL) of the corresponding nonreinforced sand (Pino and Baudet, 2015).
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Figure 2.7 Stress-strain and volume change behaviour of samples with CC = 3.0% and
relative density (RD) = 50% (a) FC = 0.0% (b) FC = 0.5% (c) FC = 1.0%.
(Hamidi and Hooresfand, 2013)
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2.7 Models for Fibre Additives
2.7.1

Models for Predicting Shear Strength and Deformation
Mechanism of Fibres

Most modeling approaches that have been proposed so far have concentrated on the
prediction of the contribution of fibres to shear strength increase. Waldron (1977), Gray
and Ohashi (1983) and Gray and Al-Refeai (1986) described a simple force equilibrium
model for predicting the strength of soils reinforced with oriented fibres. The model was
further developed by Maher and Gray (1990) to account for randomly oriented fibres.
However, the characterisation of the shear band thickness remains difficult to quantify
(Shewbridge and Sitar, 1990). Several other shear strengths increase predictive models
were also proposed for natural (e.g. roots) and synthetic fibres (Vidal, 1969; Endo and
Tsuruta, 1969; Manbeian, 1973; McGown et. al., 1978; Wu et. al., 1979; Waldron and
Dakessian, 1981; Maher and Gray, 1990; Shewbridge and Sitar, 1990; Ranjan et. al.,
1996; Zornberg, 2002; Romero, 2003; Chen 2007) based on the simple force equilibrium
concept and energy dissipation approach (Michalowski and Zhao, 1996; Micha1owski
and Cermak, 2002; Michalowski, 2008). The energy-based homogenization model has
been applied by Michalowski (1997) for predicting the strength of granular materials
reinforced with continuous filaments. Michalowski and Cermak (2002) introduced an
anisotropic orientation distribution of fibres which was also supposed to evolve according
to the deformation process of the specimen. The evolution of fibre orientation induces a
kinematic hardening effect at large strain and the composite becomes stronger in the
direction of the stress path. The model has been recently applied to the limit analysis of
retaining wall and bearing capacity of footing: the addition of fibres reduces the load on
the retaining wall and increases the bearing capacity of the footing (Michalowski, 2008).
In both cases the contribution of fibres was enhanced by the anisotropic distribution of
their orientation (Diambra, 2010).

2.8 Constitutive Models for Fibre Additives
Some efforts have been made to develop constitutive models for use in predicting the
shear strength of fibre reinforced soils. Of particular interest is the model for soil
reinforced with continuous threads, and the model for municipal solid waste which can be
seen as a composite of synthetic fibres and soil (Romero, 2003). In addition, a general
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constitutive law for reinforced soils has been proposed by a few authors (Prisco and
Nova, 1993; Machado et. al., 2002; Chen, 2007; Diambra, 2010). A model based on a
volumetric homogenization technique was proposed by Ding and Hargrove (2006). The
model aims to describe the nonlinear elastic behaviour under monotonic loading before
soil-fibre slip or fibre yielding occurs fibres are assumed to be randomly oriented
throughout the soil matrix. Table 2.5 shows a summary of the most important research on
fibre additive models, lists the type of analysis, capabilities, and limitations.
More recently, a simple and versatile modeling approach for predicting the constitutive
behaviour of fibre reinforced sand in conventional triaxial conditions has been presented
by Diambra, (2010). The stiffness matrix for the fibres requires the calibration of 4
different components:
1. The fibre elastic modulus, 𝐸𝑓
2. The fibre orientation distribution, 𝜌(𝜃)
𝜌(𝜃) = 𝜌̅ (A +C|𝑐𝑜𝑠 𝑛 𝜃|)

2.1

Where 𝜌̅ is the average volumetric concentration of the fibres. A, C and n are constants
linked by the relationships:
𝐶=

1−𝐴

2.2

𝜋/2
∫0 𝑐𝑜𝑠𝑛+1 (𝜃)𝑑𝜃

3. The sliding function, 𝑓𝑏
𝑓𝑏 = 𝐾𝑒 (1 − exp(−𝑐𝑠 . 𝑝

𝑝
𝑟𝑒𝑓

))

2.3

Where 𝐾𝑒 , is an efficiency coefficient of the fibre-sand bonding and the bracketed
component, which includes the mean stress of the sand matrix p, normalized with a
reference pressure pref of 0.1MPa, that accounts for the confining pressure effect.
The strains and the stresses developed in the fibres are dependent on the relative sliding
between sand grains and fibres. The introduced sliding function can vary between 0 and 1
with 𝑓𝑏 =1 for perfect bonding and 𝑓𝑏 = 0 for full sliding.
4. The voids attached to the fibres and their evolution during loading, 𝜈𝑓
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𝜈𝑓 = 𝜈𝑓𝑚𝑖𝑛 +

𝜈Δ𝑓

2.4

𝑘 𝑝
𝜈(

⁄𝑝𝑟𝑒𝑓 )+1

The modeling framework has been applied by adopting firstly a very simple elasticperfectly plastic Mohr Coulomb model for the sand matrix and then a more complex
hardening plastic, Severn Trent critical state constitutive model. Even when a very simple
model for the sand matrix is adopted, the simulations reproduced the key characteristics
of the mechanical response observed in the experimental tests. Simulations with the more
complex Severn Trent constitutive model for the sand matrix have been found to be
satisfactory and they allowed a reasonable simulation of experimental results in both
drained and undrained conditions (Diambra, 2010; Diambra, et. al., 2013).
Typical stress-strain and volumetric strain simulations of drained compression and
extension triaxial tests are presented in Figure 2.8. The simulated tests were performed on
very loose specimens with a nominal relative density = 0%. It was reported that the
model simulations matched satisfactorily with the experimentally observed behaviour in
both the stress-strain and volumetric plane. It was further stated that the model can
effectively be employed as a tool to further explore the complexities of the internal fibresand interaction mechanisms. It was also suggested as an accessible tool for predictive
and design analyses of geotechnical systems. However, further developments are
necessary in extension of the model formulation in the generalized multiaxial space and
implementation and validation in a commercial finite element numerical code.

Figure 2.8 Triaxial test results and model simulations for a series of unreinforced and
reinforced specimens with different fibre percentages at 100 kPa confining pressure
(Diambra et. al., 2013)
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2.9

Constitutive Models for Cement Additives

The framework of the mechanical behaviour of cemented soil has been dealt by a number
of researchers (Clough et. al., 1979, 1981; Leroueil and Vaughan, 1990; Malandraki and
Toll, 2000; Haeri et. al., 2004; Hamidi and Haeri, 2005, 2009), the prediction of the
mechanical behaviour of cemented soils using constitutive modeling goes back to the
work of Pekau and Gocevski (1989) who proposed a two-surface plasticity model for
cemented sandy sediments. The model was based on bounding surface plasticity with a
non-associated flow rule, which was able to predict the mechanical behaviour of the
cemented sandy soils under static and dynamic loadings. However, the model was unable
to predict the softening behaviour which was an important aspect of the mechanical
behaviour of cemented soils (Haeri and Hamidi, 2009).
Since then, several constitutive models have been proposed for cemented sands (Reddy
and Saxena, 1992; Gens and Nova, 1993; Chazallon and Hitcher, 1995; Abdulla and
Kiousis, 1997; Vatsala et. al., 2001; Liu and Carter, 2002; Haeri and Hamidi, 2009, Liu,
2013). Table 2.6 shows a summary of the most important research on cement additive
models, and lists the type of analysis, capabilities, and limitations.
Abdulla and Kiousis, (1997) proposed a more fundamental, micromechanical framework
for model development due to the multi-phase nature of cemented soils, consisting of soil,
cements and pore water. A novel constitutive model was presented that was generated
from the synthesis of the individual constituents of a cemented soil. The micromechanical
development presented was equivalent to a mixture-based approach and provided a natural
tool to quantify the material degradation caused by cementation breakage during loading.
Liu, (2013) presented a modified Structured Cam Clay model (SCC) to incorporate the
effects of cementation in original SCC model. A new yield surface was suggested, and two
new parameters were introduced to the original Cam Clay yield surface. Some initial study
of the new yield surface was made, and it appeared to be useful. The distortion of the yield
surface associated with cementation was found to be complicated, and a rational
description of anisotropic distortion of the yield surface was highly challenging. Limited
work on mathematical representation of the shape of the surface was made. However, the
new yield surface allowed isotropic model to simulate the complex soil behaviour.
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Rahimi et. al., (2015) recently presented a critical state constitutive model for cemented
sand. The model used a single capped yield surface as a function of the void ratio,
confining pressure, pre-consolidation pressure, and stress ratio at the peak of the undrained
effective stress path. It was reported that to model the cemented materials, the formulation
of the yield function, elastic moduli, plastic modulus, flow rule, and other components of
the model were modified. The tensile strength, cohesion, and radial-mapping formulation
of the bounding surface plasticity were incorporated in the model. The cemented bounding
and loading surfaces in terms of conventional triaxial variables were written as follows:

2.5

2.6
Where

2.7
2.8
Where FCBS = cemented bounding surface, FCLS = cemented loading surface, q = shear
stress, pb = initial yield value, pc = maximum mean normal stress, p0 = difference between
pb and pc, size of the tensile strength surface (𝛽), pt = tensile strength, 𝑀𝛼2 = 5𝑀𝑝2 , 𝑀𝑝 =
slope of the critical state line. The superimposed bar signifies variables of the bounding
surface.
The theory and formulation of the base model can be found in Imam et. al., (2005) and in
Rahimi et. al., 2015. The modified model was calibrated and verified based on
experimental results. Different critical state lines were selected for the calibration of
cemented sands under different cement contents. A comparison of the simulated and
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observed behaviours showed the model’s effectiveness in capturing both the stress-strain
behaviour and volume change characteristics of cemented material.
Figure 2.9 (a) shows that samples with higher cement content show stronger dilative and
more brittle behaviour. There is a small discrepancy in the predicted and observed stressstrain behaviour of the test with 3% cement content. That is, the model has predicted
weaker softening response for the post-peak region of the test with 3% cement content. It
can only approximate the softening post-peak response of the material. As seen in Figure
2.9 (b), the predicted and measured volumetric behaviours are in good agreement. The
change of response from contractive to dilative, which is associated with strain softening,
is captured in all tests. It was concluded that the bond degradation of cemented material
resulting in softening behaviour and volume change characteristics was difficult to capture
accurately. It was further stated that the proposed model has limitations in predicting the
strain softening response for material with high cement content [see Fig. 2.9 (a)].

(a)
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(b)

Figure 2.9 Measured and predicted response of cemented Ottawa sand for volumetric
strain versus axial strain curve under different cement contents (Rahimi et. al., 2015)
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2.10

Summary

All of the previous studies on fibres have shown that the addition of fibre reinforcement
caused significant improvement in shear strength of fibre reinforced soils. The
effectiveness of the reinforcement was influenced by fibre properties including type,
volume fraction, length, aspect ratio, modulus of elasticity, orientation and also soil
characteristics including particle size, shape, and gradation, as well as stress level and
density. Literature concluded that fibres provide frictional resistance, enhanced the tensile
failure strength, inclusion of fibres (0-6% by weight) increased the peak shear strength
(e.g., 10-50%) and limited the post-peak reduction in shear resistance of soils under static
loads. The contractive behaviour of the unreinforced sample becomes more dilative when
fibres are added for both compression and extension conditions. In addition, fibre
additives increased the liquefaction resistance, due to the increase of cohesion and
frictional resistance. Therefore, the randomly distributed discrete fibre can be considered a
good reinforcement material which causes significant modification and improvement in
the engineering properties of sand.
A critical review of the literature on cement additives has enabled the identification of
some important characteristics of the behaviour of cemented geotechnical materials,
especially those of cemented granular soils. Research on cemented sands covered a wide
variety of topics, including stress-strain, volumetric responses, stiffness enhancement,
dynamic properties, and influences of various cementing agents, critical state parameters,
and stress-dilatancy relationships. There was a general understanding that, cemented soils
(e.g., 0-20%) showed a very stiff behaviour before yielding, which was governed basically
by cementation (e.g., coating of particles, filling of voids, Ettringite formation,
interlocking etc …). The brittle behaviour changed to a ductile soil response as the stress
level changed from low to high (e.g., 0-1000 kPa). The strength of unreinforced sand and
stiffness were dramatically enhanced (e.g., 50-100%) but post-peak behaviour was least
(e.g., 0-20%) affected by cement. In addition, cement additive changed the contractive
behaviour into more dilative behaviour.
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Several researchers have attempted to study the combined effect of fibre and cement
additives. The isotropic compression behaviour, shear behaviour, peak and serviceability
failure characteristics, critical state, dilatancy, brittleness index, energy absorption
behaviour of fibre reinforced sand and fibre reinforced cemented sand was thoroughly
reviewed. The addition of fibres to the cemented soil increased the peak and residual shear
strength and reduced the initial stiffness and brittleness index. In contrast, conflicting
conclusions can be seen on the compressive volumetric strain and dilation when the fibre
content was increased in cemented sand. The energy absorption of cemented soil was
reported to be increased with increase in fibre content. In addition, it was found in the
literature that both the internal friction angle and cohesion intercept increased when fibre
was added. A unique normal compression line was found for the fibre, fibre reinforced
cemented sands, parallel to the normal compression line (NCL) of the corresponding
unreinforced sand.
Most of the modeling approaches proposed so far have been concentrated on the
prediction of shear strength increase due to the contribution of fibres. The various
approaches to describe the shear strength increase were based on force equilibrium
concepts and energy dissipation techniques. Both shear strength increases prediction
models and constitutive models predicted the mechanical behaviour of fibre reinforced
sand reasonably well. Several constitutive models were proposed based on the concepts of
a two-surface plasticity model for modeling the mechanical behaviour of cemented sandy
sediments. The bounding surface plasticity and non-associated flow rule were used to
predict the mechanical behaviour of the cemented sandy soils under static and dynamic
loadings.
The described experimental studies in this literature review investigating fibre reinforced
cemented sands have focused almost exclusively on higher cement content (e.g., greater
than 3%) and longer curing duration (e.g. greater than 3 days). Limited studies were
reported for shorter curing duration (e.g., 3 days) and lower cement content (e.g. 0-3% by
dry mass of soil). Short curing duration and lower cement content, which are close to the
field shallow mixing technique, might help geotechnical engineers in the determination of
minimum strength of composite materials. In addition, the previous research on fibre
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reinforced cemented sand also focuses on the determination of shear strength parameters
and sand-fibre-cement matrix behaviour in triaxial compression only. Therefore, fibre
reinforced cemented soil composites require further investigation in extension loading
conditions. Furthermore, the effects of stabilizing additives have been well documented in
the literature for pure sands, but research is lacking in the area of stabilization of fibre
reinforced cemented or silty sands. Table 2.4 lists a few studies performed on fibre
reinforced cemented silty sand. The literature survey summarizes the behaviour of
cohesionless soils with and without these additives (e.g., fibre, cement, silt), and identifies
some of the gaps in the research.
Past research on the development of constitutive modeling shows that a constitutive model
is still needed to predict the mechanical behaviour of fibre reinforced cemented or silty
sand. The models were unable to predict the post-peak softening behaviour which was
found to be an important aspect of the mechanical behaviour of cemented soils. The
correct estimation of the behaviour of fibre reinforced cemented or silty sand with
numerical programs is based on rigorous constitutive models which have not been
developed in the literature. However, there is still a gap between the understandings of the
behaviour of pure sand and that of fibre reinforced cemented sand or silty sand, which
renders modeling sand-cement-fibre-silt composites very difficult.
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Table 2.1 Summary of previous research on fibre additives
Author

Test Type

Sand Type

Sample
density

Pressure
Fibre Type
range
Fibre Only

Direct Shear

Clean, quartz, beach sand
from Muskegon,
Michigan, USA
Clean, quartz, beach sand
from Muskegon,
Michigan, USA

20% and
100%

0-144 kPa

21%-86%

0.5-4
kg/cm2

Gray and
Ohashi (1983)
Gray and AlRefeai (1985)

Triaxial
compression

Fibre
Content

Test Parameters

#2 reed, Plastic,
Palmyra, Copper
wire
#1 Reed, #2 Reed,
Glass fibre

1-2 mm in diameter, 225 cm in length

1.67%

0.30-1.75 mm in
diameter, 13-38 mm in
length

0-1%

Fibre length, diameter, modulus,
orientation, area ratio, vertical
confining pressure
Relative density, confining stress,
strain rate, modulus, surface
friction, fibre weight fractions,
aspect ratio, compactive effort
Confining pressure, aspect ratio,
fibre content, modulus, gradation
of soil

Michalowski
and Zhao,
1996
Ranjan et. al.,
(1996)

Triaxial
compression

Muskegon dune, Ottawa,
Mortar, 50-50 sand, Sand
number 1, Glass sphere 1,
Glass sphere 2, AGSCO
number 16
Coarse, poorly graded
sand

Triaxial
compression

Fine sand, sandy silt,
medium sand, silty sand

0.91.05𝛾𝑑𝑚𝑎𝑥

50-400
kPa

Stainless steel,
polyamide
monofilament
Plastic, coir,
Bhabar

Frost and Han,
(1997)

Direct shear

Valdosta blasting,
Ottawa, glass beads,
silica

80-100%

25-175
kPa

Polyester, electrical
glass

Michalowski
and Cermak,
(2002)
Yetimoglu and
Salbas, (2003)
Michalowski
and Cermak,
(2003)

Triaxial
compression

Coarse and fine

100-800
kPa

Direct shear

Clean, uniform, quartz
river sand
Coarse and fine

(70%) 0.580.66 void
ratio
70%

Monofilament
polyamide,
galvanized steel
Polypropylene

Consoli et. al.,
(2006)
Ibraim and
Fourmont,
(2006)

Triaxial
compression
Direct shear

Osorio sand, Brazil

50%

Hostun RF (S28)

0, 30, 60%,
(1.0, 0.9, 0.8)
void ratio

Babu et. al.,,
(2007)
Chen and
Loehr, (2008)

Triaxial
compression
Triaxial
compression

Dry sand

14.8 kN/m3

Ottawa (Grade-75)

10 and 55%

Maher and
Gray (1990)

Triaxial
compression

Fibre Dimensions

Triaxial
compression

0.62-0.92
void ratio

0-98.10
kPa

Buna-N, Reed
number 0-3, Glass
number 1-3

0.3-2.25 mm in
diameter, 20-125
aspect ratio

0-3%

0.66 (70%)
void ratio

50-600
kPa

25 mm in length

0-1.25%

0.2-0.3 mm in
diameter, 50-125
aspect ratio
10.80 cm*8.26 cm in
rectangular shape

0-4%

0.3 mm in diameter,
25.4 mm in length, 85
aspect ratios
0.05 mm in diameter,
20 mm in length
0.3 mm in diameter,
25.4 mm in length, 85
aspect ratios

0.25-2%

0.023 mm in diameter,
24 mm in length
0.1 mm in diameter,
30-35 mm in length,
350 aspect ratios

0.5%

Confining pressure, density of sand

0.10.5%

Fibre content, normal stress,
density of sand

0.25 mm in diameter,
15 mm in length
51 mm in length

0-1.5%

Confining pressure, density of
sand, fibre content
Density of sand, fibre content,
drainage condition

(70%) 0.580.66 void
ratio

100-300
kPa
0-600 kPa

20-680
kPa
55.3-310.6
kPa

100 and
150 kPa
35-415
kPa

Monofilament
polyamide,
galvanized steel,
polypropylene
Polypropylene
Polypropylene

Coir
Polypropylene
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….

0.1-1%
0.5-2%

0-0.4%

Sample preparation, volumetric
concentration, aspect ratio, fibresoil interface
Confining pressure, fibre type,
concentration, aspect ratio,
modulus, strength, grain size,
Mean grain size, interface, surface
roughness, density of sand, normal
stress, angularity of sand,
specimen preparation method, rate
of shearing, thickness of sand
specimen
Fibre orientation, content, type,
sand type, anisotropy, failure
criteria
Fibre content, normal stress,
density of sand
Fibre type, content, aspect ratio,
confining pressure

Chauhan and
Mohanty,
(2008)

Repeated triaxial,
unconfined
compression

Silty sand

….

25-75 kPa,
153-204
kN/m2

Polypropylene, coir

Diambra et.
al., (2009)

Triaxial
compression,
extension
Direct shear

Hostun RF (S28)

0-60%

30-200
kPa

Polypropylene

Ottawa, black green line

55%,
0.6 and 0.71
void ratio
0.66-0.82
void ratio

100-200
kPa

Nylon fishing wire

0-5400
kPa, 0-50
MPa

Polypropylene

Sadek et. al.,
(2010)
Santos et. al.,
(2010)

Triaxial
compression,
isotropic
compression
Triaxial
compression,
extension
Ring shear

Osorio sand, Brazil

Triaxial
compression

Ibraim et. al.,
(2012)

Ibraim et. al.,
(2010)

0.2 mm in diameter 80
mm in length, 0.048
mm in diameter 20 mm
in length, 400 aspect
ratio
0.1 mm in diameter,
35 mm in length

0.52.0%

Type of fibre, content, confining
pressure

0-0.9%

Confining pressure, relative
density, fibre content, loading
condition, drainage condition
Fibre diameter, length, content,
type of sand, confining pressure

0.18, 0.17 mm in
diameter, 7, 27 mm in
length
0.023 mm in diameter,
24 mm in length

0-1.5%

0-0.5%

Fibre content, density of soil,
confining pressure

Confining pressure, relative
density, fibre content, loading
condition, drainage condition
Density of sand, fibre content

Hostun RF (S28)

0-60%

30-200
kPa

Polypropylene

0.1 mm in diameter,
35 mm in length

0-0.9%

Silica sand (S6)

200 kPa

Polypropylene

Osorio sand,

1.281-1.418
g/cm3
0.30-0.79

20-550
kPa

Polypropylene

0.20.8%
0.10.5%

Triaxial
compression,
extension

Hostun RF (S28)

0-60%

30-200
kPa

Polypropylene

0.034 mm in diameter,
12 mm in length
0.023-0.1 mm in
diameter, 24-100 mm
in length
0.03-0.1 mm in
diameter,
20-35
mm in length

Ajayi et. al.,
(2013)

Triaxial
compression

Network rail ballast, 1/3
scaled ballast

0.76-0.93
void ratio

….

Polyethylene

Shao et. al.,
(2014)
Pino and
Baudet, (2015)

Ring shear

Mississippi sand
Decomposed granite,
coral sand, limestone

50-250
kPa
0-8.1 MPa

Polypropylene

Oedometer,
isotropic
compression,
dynamic image
analysis
Triaxial
compression
Triaxial
compression,
direct shear
Triaxial
compression
Direct shear

15.7 kN/m3
34%
….

Hostun RF (S28),
Leighton Buzzard
Babolsar sand

20-25%

100-200
kPa
50-400
kPa

Polypropylene

Izmir sand

25%

5-200 kPa

Polypropylene

Siliceous sand

25-90%

Polypropylene

Triaxial
compression,
direct shear,
bender element

Siliceous sand

14.2-14.6
kN/m3

50-200
kPa
….

Liu et. al.,
(2011)
Lirer et. al.,
(2011)

Diambra and
Ibraim, (2015)
Noorzad and
Zarinkolaei,
(2015)
Erdogan and
Altun, (2015)
Eldesouky et.
al., (2016)
Claria and
Vettorelo,
(2016)

70%

Polypropylene

Polypropylene

Polypropylene
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0.35 mm in width, 100
mm in length, 0.5 mm
thickness
0.1 mm in diameter, 12
mm in length
0.023 mm in diameter,
27 mm in length

0.1 mm in diameter, 635 mm in length
0.023 mm in diameter,
6-18 mm in length
0.018 mm in diameter,
12 mm in length
0.05 mm in diameter, 6
mm in length
2 mm in width, 5-20
mm in length, 0.1 mm
thickness

0-0.9%

….

0-0.9%
0.30.5%

0.3%
0-1%

Fibre diameter, length, content,
type, modulus, strength, type of
sand, density, confining pressure
Confining pressure, relative
density, fibre content, type, shape,
strength, modulus, loading
condition, drainage condition
Density of and type soil

Fibre content, confining pressure,
density of sand
Soil type, shape, fibre content,
confining pressure

Fibre length, confining pressure,
density of sand
Sample preparation, fibre content,
length, confining pressure

0.5-1%

Fibre content, confining pressure

0.5-1%

Moisture content, fibre content,
confining pressure, density of sand
Fibre type, content, length,

1-4%

Table 2.2 Summary of previous research on cement additives
Author

Test Type

Sand Type

Clough et. al.,
(1979)
Clough et. al.,
(1981)
Bressani and
Vaughan, (1989)
Maher and Ho,
(1993)

Plate load test

In-situ sand soil

Compression and tension load test

Chang and Woods,
(1992)
Reddy and Saxena,
(1992)
Airey, (1993)

Pressure
range

Cement
Content

Test Parameters

---

---

---

Ultimate bearing capacity of foundation and settlement

Naturally cemented
sand
Sand

---

---

---

---

0-800 kPa

---

Triaxial static compression, cyclic
compression, and splitting tension
tests
Resonant column

Ottawa 20-30 sand

Void ratio =
0.51-0.72

100-300
kPa

0-4%

Slope failures, strength parameters, nature and effect of
cementation, tensile strength, particle size and shape
Yieilding, critical state, back pressure saturation,
loading and unloading, stress path behaviour
Peak and post-peak strengths, strength parameters,
brittleness index, cyclic loading behaviour

Fine grained sand

Dr = 60-75%

0-100%

Triaxial tests

Monterey No. 0 sand

Dr = 43%

Conventional and stress-path triaxial
tests

1.1 -1.6 g/cm3

20-210
kPa
0-1000
kPa
70-2000
kPa

---

0-9 MPa

---

Triaxial drained and undrained tests

Sample
density
Cement Only

0-2%

Coop and Atkinson,
(1993)

Triaxial tests

Cemented carbonate
(calcarenite) soils
(fine-medium sand)
Carbonate sand

Gens and Nova,
(1993)
Consoli et. al.,
(1998)
Schnaid et. al.,
(2001)

---

Cemented sand

---

---

---

Triaxial compression tests

Non-plastic silty sand

17.5 kN/m3

0-1%

Unconfined compression tests,
drained triaxial compression tests
with local strain measurements, and
scanning electron microscopy
Triaxial compression, Unconfined
compression, splitting tensile
Triaxial compression, local strain
measurements
Triaxial compression

Fine silty sand

Void ratio =
0.51

20-100
kPa
20-100
kPa

Osorio sand, Brazil

10-70%

0-7%

Botucatu sandstone

Void ratio =
0.60-0.70
11% (0.72
void ratio)
100%

20-100
kPa
0-650 kPa
50-100
kPa
0-600 kPa

0-3%

Consoli et. al.,
(2002)
Martins et. al.,
(2005)
Wang and Leung,
(2008)
Sariosseiri and
Muhunthan, (2009)
Consoli et. al.,
(2009)
Marri, (2010)

Salah-ud-din,
(2012)

Unconfined compressive strength, and
consolidated undrained triaxial test
Triaxial compression

Ottawa 20-30

Osorio sand, Brazil

70%

Isotropic compression, triaxial,
unconfined compression tests

Portaway sand

17.4 kN/m3

Isotropic compression, triaxial,
unconfined compression tests

Portaway sand

17.4 kN/m3
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0-20%

0-5%

---

2.5-10%

20-100
kPa
0.05-20
MPa

0-10%

0.5-10
MPa

0-10%

0-15%

Small-strain shear modulus, effective grain size,
coefficient of uniformity, interparticle contacts,
Stress path and volumetric behaviour, drainage
conditions, cement content, confining pressure
Shape of the yield locus, elastic region, bulk modulus,
shear modulus, volumetric behaviour
Specific volume, peak and post-peak stress-strain, yield
curve, state-boundary surface, confining pressure,
cemented bonds
Peak and post peak stress-strain, volumetric strain,
brittleness,
Stiffness, brittleness, and peak strength, strength
parameters
Degree of cementation and the initial mean effective
stress, shear strength parameters, small-strain shear
modulus,
Cement content, confining pressure, curing time,
moisture content, relative density, drainage condition
Microstructure, stiffness and strength parameters,
unconfined compressive strength
Cement content, curing duration, density of sand,
pressure range
Peak and post-peak hear strength, cementation effect.
Brittleness, Shear strength parameters
Cement content, confining pressure
Compression behaviour, peak and post-peak behaviour,
critical state, dilatancy, brittleness behaviour, drainage
conditions, confining pressure, cement content
Compression behaviour, peak and post-peak behaviour,
critical state, dilatancy, brittleness behaviour, drainage
conditions, confining pressure, cement content

Porcino et. al.,
(2012)

Schmidt, (2015)

Forcelini et. al.,
(2016)

Isotropic triaxial compression tests,
bender elements, drained triaxial
monotonic shearing tests, and
undrained cyclic simple shear tests
Oedometer, triaxial compression,
bender element, undrained cyclic
triaxial
Axial and diametric compression

Ticino river sand

15.13 kN/m3

20-400
kPa

---

Small-strain deformability, stress dilatancy, peak versus
critical state strength, undrained cyclic shear strength

Toyoura sand

Dr = 60%

400 kPa

0-16%

Shear wave velocity, compression behaviour,
microstructure, liquefaction susceptibility

Osorio sand, Brazil

0.60-0.72
void ratio

….

3-7%

Density of sand, cement content, peak and post-peak
behaviour, brittleness behaviour
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Table 2.3 Summary of previous research on fibre and cement additives
Author

Test Type

Sand Type

Sample
density

Pressure
range

Fibre Type

Fibre Dimensions

Fibre
Content

Cement
Content

Test Parameters

Confining pressure, fibre content,
length, cement content, brittleness
index, energy absorption capacity
Cement content, fibre content,
length, confining pressure, curing
time, moisture content, relative
density, drainage condition
Cement content, fibre content,
confining pressure

Cement and Fibre
Triaxial compression,
splitting tension, cyclic
compression
Triaxial compression,
Unconfined
compression, splitting
tensile
Triaxial compression

Ottawa 2030

0.62 void
ratio

0-300 kPa

Chopped glass

0.64-1.9 cm in
length

0-3%

4%

Osorio sand,
Brazil

10-70%

20-100
kPa

Polyethylene
terephthalate

0.18-0.20 mm in
diameter

0.1-0.9%

0-7%

Osorio sand,
Brazil

70%

20-100
kPa

Polypropylene

0-0.5%

0-10%

Park, (2009)

Unconfined
compression

Nakdong
river sand

55 blows

….

Polyvinyl
alcohol

0.2-1%

4%

Fibre content, cement content, fibre
distribution

Santos et. al.,
(2010)

Isotropic compression

Osorio sand,
Brazil

0.60-0.85
void ratio

0-30 MPa

Polypropylene

500
fibres

3%

Fibre content, cement content,
density of sand

Park, (2011)

Unconfined
compression

Nakdong
river sand

55 blows

….

Polyvinyl
alcohol

0.2-1%

2-6%

Fibre content, cement content, fibre
distribution

Consoli et. al.,
(2011)

Unconfined
compression

Osorio sand,
Brazil

17-19.3
kN/m3

….

Polypropylene

0-0.75%

1-7%

Hamidi and
Hooresfand,
(2013)

Triaxial compression

Babolsar
sand

50-70%

100-500
kPa

Polypropylene

0-1%

3%

Fibre content, volumetric cement
content, porosity, cement/porosity
ratio, density of sand
Fibre content, cement content,
density of sand, confining pressure

Salah-ud-din et.
al., (2013)

Isotropic compression

Portaway
sand

40-90%

0-64 MPa

Polypropylene

0-0.5%

2-5%

Cement content, fibre content,
density of sand, confining pressure

Sadek and
Abboud, (2013)

Unconfined
compression

Ottawa sand

….

….

Polypropylene

0-1%

0.5-1%

Fibre content, length of fibres,
cement content

Consoli et. al.,
(2013)

Unconfined
compression, splitting
tensile
Cyclic triaxial

Silty sand

….

….

Glass

3%

1-5%

Fibre content, cement content

Toyoura
sand

30-200
kPa

1-2%

Fibre type, content, cement content,
confining pressure, density of sand

Khazar sand

Polyvinyl
alcohol,
Basanite
Polypropylene

0-1%, 05%

Triaxial compression

(1.489
g/m3)
60%
85%

0-0.6%

0-5%

Fibre content, cement content,
confining pressure

Unconfined
compression

Khazar
sand,
nanosilica

0.023 mm in
diameter, 24 mm
in length
0.1 mm in
diameter,
12
mm in length
0.023 mm in
diameter, 24 mm
in length
0.1 mm in
diameter,
12
mm in length
0.023 mm in
diameter, 24 mm
in length
0.24 𝜇m in
diameter,
0.012 mm in
length
0.023 mm in
diameter, 22 mm
in length
0.1 mm in
diameter, 6-20
mm in length
0.023 mm in
diameter, 24 mm
in length
0.1 mm in
diameter, 12 mm
in length
0.023 mm in
diameter, 18 mm
in length
0.1 mm in
diameter, 12 mm
in length

0-1%

2-6%

Fibre content, cement content

Maher and Ho,
(1993)
Consoli et. al.,
(2002)

Consoli et. al.,
(2009)

Nakamichi and
Sato, (2013)
Kutanaei and
Choobbasti,
(2015)
Kutanaei and
Choobbasti,
(2016)

80%

100-1000
kPa
….

Polyvinyl
alcohol
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Table 2.4 Summary of previous research on fibre and cement additives
Author

Test Type

Sand Type

Sample
density

Pressure
range

Santoni et. al.,
(2001)

Unconfined
compression

5-25
blows

Nakamichi,
(2013)

Cyclic
triaxial

Vicksburg
concrete, CTD
coarse, New
Orleans,
Holland LZ,
Tyndall AFB,
Yuma
Toyoura sand

Schmidt, (2015)

Static and
Dynamic
Tests

(1.489
g/m3)
60%
1.489
g/cm3

Toyoura sand

Fibre
Dimensions
Cement, Fibre, and Silt

Fibre
Content

Cement
Content

Silt
Content

Test Parameters

….

Polypropylene,
round, flat
narrow, flat
wide

19-76 mm in
length

0.2-1%

….

0-12%

Fibre type, content, length, shape,
color, denier, tensile strength,
modulus, sand type, silt content,
moisture content,

30-200
kPa

Polyvinyl
alcohol,
Basanite
Polyvinyl
alcohol

0.1 mm in
diameter, 12
mm in length
0.1 mm in
diameter, 12
mm in length

0-1%,
0-5%

1-2%

0-21%

0-2%

1-16%

0-100%

Fibre type, content, cement
content, confining pressure,
liquefaction resistance
Silt content, fibre content, cement
content, micro-structure, macrostructure, liquefaction resistance

….

Fibre Type

44

Table 2.5 Summary of previous research on fibre additive models
Fibre Only
Authors
Type of Analysis/Model

Model Features
Shear Strength Increase Models
Capabilities

Limitations

Waldron, (1977)

Force equilibrium/Mechanistic/Load
transfer model

Shear strength of soil prediction with oriented fibres, development
of tensile stresses, additional normal and shear stresses due to fibre
orientation.

This model requires determination of the thickness of
the shear zone as an input parameter, which is difficult
to quantify.

Gray and Ohashi (1983)
Gray and Al-Refeai
(1986)

Force equilibrium/Mechanistic/Load
transfer model

Along the shear plane, the shearing of soils is assumed to cause
fibre distortion, thereby mobilizing its tensile resistance.
Fibre-induced tension can be expressed as a function
of fibre modulus, interface friction, fibre diameter and thickness of
the shear zone

This model may be inadequate when failure is
governed by the pullout of fibres. In addition, this
model requires determination of the thickness of the
shear zone as an input parameter, which is difficult to
quantify.

Maher and Gray (1990)

Force equilibrium/Mechanistic/Load
transfer model

Expanded the model proposed by Gray and Ohashi (1983) to
randomly-distributed fibres by incorporating statistical concepts

As in the force equilibrium model proposed by Gray
and Ohashi (1983), the model proposed by Maher and
Gray (1990) still requires the thickness of shear zone
as input, which is difficult to quantify.

Shewbridge and Sitar,
(1990)

Force equilibrium/Mechanistic/Load
transfer model

Expanded the model proposed by Gray and Ohashi (1983) to
randomly-distributed fibres by incorporating statistical concepts

As in the force equilibrium model proposed by Gray
and Ohashi (1983), the model proposed by Maher and
Gray (1990) still requires the thickness of shear zone
as input, which is difficult to quantify.

Ranjan et. al., (1996)

Model based on regression analysis

The authors found that this model was able to estimate reasonably
well the strength of soils reinforced with any type of fibre and under
any given stress. Fibre content, fibre aspect ratio, fibre-soil
interface friction, and shear strength of unreinforced soil were
identified as the main variables influencing the shear strength.

It does not reflect the mechanisms of fibrereinforcement and relies heavily on a simple set of
experimental results.

Energy-based homogenization
technique

Define the macroscopic failure stress of the fibre-soil composites.

Unable to model the stress-strain behaviour in smallmedium strain ranges (e.g., 0-5%)

Zornberg, (2002)

Limit equilibrium analysis

The discrete fibre framework predicted very well the contribution of
randomly distributed fibres.

---

Micha1owski and
Cermak, (2002)

Energy-based homogenization
technique

Incorporation of anisotropic orientation distribution in original
Michalowski and Zhao, (1996) model.

Unable to model the stress-strain behaviour in smallmedium strain ranges (e.g., 0-5%)

Romero, (2003)

Force equilibrium/Mechanistic/Load
transfer model

The model appears to have all of the necessary features to predict
the stress-strain and pore pressure-volume change response of
fibre-reinforced specimens.

The largest errors in the model seem to involve the
hydrostatic contribution of the fibres.

Chen, (2007)

Force equilibrium/Mechanistic/Load
transfer model

It was found that the model was capable of reproducing the
deviatoric stress, pore pressure, volumetric strain, and stress path
behaviour for all silty sand and Ottawa sand reinforced specimens
at all effective consolidation stresses tested.

Further refinement needed to evaluate the model for
various types of soil, and to establish model
parameters for different soils. The largest errors in the
model seem to involve the hydrostatic contribution of
the fibres, particularly for the volume-change

Michalowski and Zhao,
(1996)
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prediction.
Michalowski, (2008)

Energy-based homogenization
technique

Development of an anisotropic yield condition for fibre-reinforced
sand, and on the application of the kinematic approach of limit
analysis to solving problems with anisotropic materials.

---

Constitutive Models for Fibre Only
Villard et. al., (1990)
Prisco and Nova (1993)

Li and Ding (2002)

Babu and Haldar, (2008)

Diambra, (2010)

Constitutive
thread
Constitutive
thread

law

for

continuous

Applicable to soils reinforced with continuous thread (Texsol).

law

for

continuous

Deviatoric stress-strain behaviour seen in triaxial compression tests
can be reasonably reproduced starting from simple constitutive laws
for the components.

Peak strength and trend of volumetric strains cannot
be correctly described.

Introduction of a hyperbolic function
to describe the nonlinear stress–
strain skeletal curve under cyclic
loading

First attempt to introduce the nonlinear elastic model for fibrereinforced soils under cyclic loading. A new expression of shear
modulus provides a convenient and useful tool for analysis of
dynamic behaviour of fibre-reinforced soil and applications of fibrereinforced soil to engineering design.

Unable to model the large strain dynamic behaviour.

Elastic–perfectly
Coulomb model

Mohr–

Experimental results were in good agreement with the numerical
results.

No definite peak value was observed in numerical
experiments at high fibre contents.

Elastic–perfectly
plastic
Mohr–
Coulomb
model/Severn
Trent
constitutive model based on the
concepts of bounding surface
plasticity and kinematic hardening

Simulations with the more complex Severn Trent constitutive model
for the sand matrix have been found more satisfactory and they
allowed a remarkable simulation of experimental results in both
drained and undrained conditions.

Voids and fibre orientation distribution, existence of
critical state for fibre reinforced sand. It was stated
that, if the critical state would be found to be
applicable to reinforced soils also, it is clear that
conventional continuum models for soils formulated in
a critical state framework may be a suitable modelling
alternative. It is expected that, in these models, fibre
and sand characteristics would be fully integrated to
predict the overall characteristics of the reinforced
material. It should be mentioned that this route was
attempted at the early stage of this investigation but the
achieved experimental results did not allow the
development of this modelling approach (Diambra,
2010).

plastic

46

---

Table 2.6 Summary of previous research on cement additive models
Cement Only
Constitutive Model Features

Authors
Type of Analysis/Model
Pekau and
Gocevski,
(1989)

Reddy and
Saxena, (1992)

Elasto-plastic constitutive model

1.

2.

Elasto-plastic model with
single yield surface and
plastic potential (Lade’s
Model).
Endochronic
model,
nonlinear
viscoelasticity
reminiscent to (Bolzmann)

Capabilities

Limitations

The model is able to simulate the
behaviour of cemented granular
soil under monotonic as well as
cyclic loading conditions.

The model was unable to predict
the softening behaviour which
was an important aspect of the
mechanical
behaviour
of
cemented soils.
Lade's model was based on
isotropic hardening law, and
therefore, it was not applicable
for cyclic loading condition. In
the
endochronic
model,
depending on the choice of
internal variables, it may or may
not show a yield surface in the
stress space.

Both the models are reasonably
effective in capturing the
behaviour of uncemented and
cemented sands for the tests
conducted in different directions
on different octahedral planes.
The determination of model
parameters were based on solely
compression tests therefore, all
the predictions by both the
models for the stress paths
involving compression were
better as compared to the
predictions for the stress paths
involving extension.

Gens and Nova,
(1993)

Elasto-plastic strain hardening model

The framework shows a good
qualitative consistency between
the model and the experiment.

The quantitative consistency was
only fair.

Chazallon and
Hitcher, (1995)

Elasto-plastic model with three shear
strain planes and one isotropic strain
plane to predict the mechanical
behaviour of cemented soils

This model was capable of
prediction of shear strength.

This model was not strong
enough in prediction of post-peak
softening behaviour.

Abdulla and
Kiousis, (1997)

Elasto-plastic constitutive
model/Micro-mechanical equilibrium
approach

The qualitative predictions of the
model were considered excellent.

Liu and Carter,
(2002)

Modified Cam clay with three extra
variables for modeling the effects of
cementation on the behaviour of fine
soils
Critical state constitutive model

This model was suitable for finegrained structured soils.

The
largest
quantitative
discrepancies were observed for
the 2 per cent cemented
specimens, where the model
predicted a 'stiffer' early
response.
It may not be useful for sandy
and gravelly soils because it uses
an associated flow rule.

Haeri and
Hamidi, (2009)

Liu, (2013)

Rahimi et. al.,
(2015)

Modeling of cemented soil
behaviour was of a very good
consistency both in drained and
undrained conditions. The pore
pressure in undrained conditions
and the volumetric strains in the
drained state were also modeled
successfully using this method.

The model for prediction of
stress-strain, pore pressure and
volumetric strain of drained and
undrained cemented gravelly
sand is based on 21 parameters.
Reasonable
comparison
of
volumetric and pore pressure
behaviour.

Structured Cam Clay (SCC) model

Incorporation of cementation
effects in Modified Cam Clay
model.

SCC model did not give
description of decementation in
drained tests.

Bounding surface, single capped yield
surface, critical state constitutive model

A comparison of the simulated
and observed behaviours showed
the model’s effectiveness in
capturing both the stress-strain
behaviour and volume change
characteristics
of
cemented
material.

The proposal has its limitation in
predicting the strain softening
response for material with high
cement content.
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3

Chapter 3: Materials and Experimental Methods

3.1 Introduction
This chapter describes the methodology employed in the experimental research program.
Initially, a series of tests were performed to obtain the basic geotechnical properties (e.g.
gradation of soil, density, mineralogy, shape and size particle, and specific gravity) of
each of the constituents. Following this, the test apparatus and modification are
discussed. Then, the testing procedures, data analysis, and an overview of testing
program are presented at the end of the chapter. The details of the results of each
individual series of tests, and discussion of the findings are presented in Chapter 4 and 5.

3.2 Tested Materials
To replicate the in-situ soil conditions of the Tokyo Bay region and provide soil
amendments, four different types of material (e.g. Toyoura sand, polyvinyl alcohol
(PVA) fibres, ordinary Portland cement (OPC), and silica flour) have been employed in
this study. Toyoura sand has been previously used as a benchmark material in previous
experimental research projects conducted at Western University, Canada and Fukuoka
University, Japan (Schmidt, 2015).

3.2.1

Toyoura Sand

Toyoura sand is a Japanese benchmark sand, which is a well-known laboratory test sand.
Based on previous investigations of Toyoura sand, it is composed of 75% quartz, 22%
feldspar, and 3% magnetite and can be found primarily on the coastal regions of the
Pacific Ocean in Japan (Lam and Tatsuoka, 1988; De and Basudhar, 2008; Schmidt,
2015). The particles have a uniformity coefficient (Cu) of 1.24, a minimum void ratio
(emin) of 0.62, a maximum void ratio (emax) of 0.95, and a specific gravity of 2.65. The
grain size distribution of pure Toyoura sand is presented in Figure 3.1. The physical
properties of Toyoura sand have been listed in Table 3.1. Toyoura sand has been
described as an angular to sub-angular, fine grained and poorly graded sand, which is
confirmed by a low coefficient of uniformity and coefficient of curvature, according to
the classification of SP by the Unified Soil Classification System (USCS) (Oda, 1977;
Hyodo et. al., 1994; Bellotti et. al., 1997; Whitlow, 2001; Wang et. al., 2002; Schmidt,
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2015). The peak internal friction angle (ϕ') ranges from 33.5° in a very loose state, to
43.7° in a dense sate. The peak dilation angle (ψp) ranges from 5°-10° for normal stresses
of 25-300 kPa. Figure 3.2 shows SEM scan of pure Toyoura sand to provide an indication
of the size, shape and texture of the particles. Microscopically, Toyoura sand can be
clearly seen to be angular to sub-angular and fairly uniform in size (Schmidt, 2015).

Figure 3.1 Grain size distribution curve for Toyoura sand
Oedometer tests were performed (Schmidt, 2015) on pure Toyoura sand with silt content
ranging from 0-100% by mass, and stress increments from 10-1600 kPa were applied and
settlement was measured to determine the sample compressibility, constrained modulus,
and permeability. Although tests were run for 24 hours per stress increment, more than
90% of the consolidation of the Toyoura sand samples were obtained in well under 2
hours (Terzaghi and Peck, 1948, Schmidt, 2015). The initial void ratio at 60% relative
density decreased from 0.741 for Toyoura sand, to 0.695 for 50% silica flour, after which
it increased again to 1.190 for 100% silica flour based on the relative density. The
constrained modulus reduced from nearly 60 MPa for the Toyoura sand to 6.4 MPa for
50% silica flour, then back up to 13.4 MPa for 100% silica flour at 𝜎𝑣′ =1,600 kPa. In
addition, the permeability of the Toyoura sand at 1,600 kPa effective stress linearly
dropped with the addition of the silica flour, from 8.7x10-6 m/s for the Toyoura sand, to
2.89x10-8 m/s for 100% silica flour (Schmidt, 2015).
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Figure 3.2 Toyoura sand 100x optical zoom (Schmidt, 2015)
Table 3.1 Physical properties of Toyoura sand (Schmidt, 2015)
Properties

Values

Specific Gravity (Gs)

2.65

D10 (mm)

0.17

D30 (mm)

0.18

D60 (mm)

0.21

Maximum Void Ratio (emax)

0.95

Minimum Void Ratio (emin)

0.62

Coefficient of Curvature (Cc)

0.91

Uniformity Coefficient (Cu)

1.24

Constrained Modulus (MPa) @

60

vertical effective stress (1600 kPa)
Permeability (m/s)

3.2.2

8.7x10-6

Polyvinyl Alcohol (PVA) Fibres

Synthetic monofilament polyvinyl alcohol (PVA) fibres as shown in Figure 3.3 have been
used as fibre inclusions and reinforcing material in this research study. PVA fibres have
been found to have superior chemical resistance, weather resistance, and tensile strength
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synthetic than propylene fibres. Therefore, the inclusion of PVA fibre produces more
effective reinforcement in terms of strength and ductility, when compared to other fibres
under the same cementation volumes (Park, 2009). Polyvinyl alcohol (PVA) fibres have a
specific gravity of 1.3. Nominal dimensions of the individual fibres are 12 mm long and a
diameter of 0.11 mm. The fibres have a Young’s Modulus of 28 GPa and a tensile
strength of 1200 MPa (Kuraray Cooperation Limited, Japan). The properties of the tested
fibres in this research program are given in the Table 3.2.
Table 3.2 Properties of PVA fibres (Kuraray Co. Ltd, Japan)
Properties

Values

Specific Gravity (Gs)

1.30

Length (mm)

12

Diameter (mm)

0.11

Young’s Modulus (GPa)

28

Tensile Strength (MPa)

1200

Length = 12 mm
Diameter= 0.11 mm
Figure 3.3 Polyvinyl alcohol (PVA) fibres

3.2.3

Ordinary Portland Cement Type-I (OPC-I)

Ordinary Portland Cement Type-I (OPC-I) shipped from Ube-Mitsubishi Cement
Corporation in Japan has been used as a cementing material and added as a percent by
mass in each specimen. OPC-I has a specific gravity of 3.15 and a composition consisting
of approximately 63% tricalcium silicate, 12% di-calcium silicate, 5% tri-calcium
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aluminate, 11% tetra-calcium alumino-ferrite (ASTM C150/C150M-12). These cement
and fibre additives have been previously used to model the in situ recycled properties of
gypsum and bamboo fibres (Schmidt, 2015).

3.2.4

Silica Flour

Sub-angular silica flour (Bell and McKenzie, Sil-Co-Sil #106) has been used in this
research program. Silt employed here consists of 100% ground quartz and is fine grained
and well-graded, based on the high coefficient of uniformity and coefficient of curvature.
Figure 3.4 shows particle size distribution for pure Toyoura sand and varying percentage
of silt contents (Schmidt, 2015).

Figure 3.4 Particle size distribution of Toyoura sand and varying percentage of silts
(Schmidt, 2015)
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Figure 3.5 SEM images of silica flour a) 100x optimal zoom; b) 30,000x optimal zoom of
particle in 1a) (Schmidt, 2015)
It is classified as ML according to the Unified Soil Classification System (USCS) and has
a peak internal friction angle of 41° at 90% relative density, and a peak dilatancy angle
that ranges from 6°-14° at normal stresses of 25-300 kPa. The choice of using silica flour
compared to natural silt was to provide experimental repeatability and consistency in the
particle size distribution and shape (Schmidt, 2015). The engineering properties of silica
flour are shown in Table 3.3 below. Silica flour displayed angular to sub-angular grains
with a plate-like structure, as seen in Figure 3.5, the plate-like structure is a by-product of
the manufacturing process of the silica flour, rather than natural weathering processes
(Schmidt, 2015).
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Table 3.3 Physical properties of silica flour (Schmidt, 2015)
Properties

Values

Specific Gravity (Gs)

2.64

D10 (mm)

0.0009

D30 (mm)

0.0085

D60 (mm)

0.025

Maximum Void Ratio (emax)

1.60

Minimum Void Ratio (emin)

0.83

Coefficient of Curvature (Cc)

2.84

Uniformity Coefficient (Cu)

27.78

Constrained Modulus (MPa) @

13.4

vertical effective stress (1600 kPa)
Permeability (m/s)

2.89x10-8

3.3 Soil Testing Apparatus
3.3.1

Triaxial Apparatus

A GDS triaxial apparatus has been employed to conduct isotropically consolidated
undrained (CIU) and consolidated drained (CID) compression and extension triaxial tests
in this study to investigate the stress-strain, pore water pressure, volumetric strain, stress
path behaviour on unreinforced and fibre reinforced cemented Toyoura silty sand
specimens. It is a computer controlled fully automated advanced GDS Triaxial Testing
System (GDSTTS), see Figure 3.6. GDS pressure/volume controllers have been used to
accurately apply back and cell pressures, see Figure 3.7. De-aired water supplied from
water tanks have been used in GDS pressure/volume controllers to measure and apply
cell and back pressures.
Pressures for all of the GDS systems was controlled using GDS Standard Level
Pressure/Volume Controllers (STDDPC), shown in Figure 3.7. The STDDPCs allow for
pressure measurements to be resolved to 1 kPa with an accuracy of ± 1.5 kPa up to a
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maximum pressure of 2 MPa. Volume changes can be resolved to 1 mm3 at an accuracy
of < 0.25% of the current measurement (Kiss, 2016).
Positive or negative excess pore water pressures are developed during the undrained
shearing stage (e.g., constant volume). Positive pore water pressure occurs in contractive
soils, and negative pore water pressure occurs in dilative soils, because volume changes
are prevented, the tendency to volume change induces a pressure in the pore water. To
saturate the specimen and get a better estimate of induced pore water pressure during
shearing, an initial back pressure is applied to the test specimen. The strength of the
specimen is not supposed to be changed using back pressure (e.g., effective stress in the
specimen does not change). In practice this may not be exactly true, but the advantage of
having 100% saturation for accurate measurement of induced pore water pressures far
outweighs any disadvantages of using back pressures ((Holtz et. al., 2011). Hence, in this
study, majority of the tests were performed at an initial back pressure value of 320 kPa
(Chapter 4). A slightly higher value of back pressure is selected to obtain a B-value of at
least 0.96 for cemented samples. In addition, the effect of back pressure at different
values (e.g., 200, 320, 400 kPa) on the strength of composite material is studied in greater
detail in Chapter 5.
The triaxial cell is capable of performing tests with cell pressures up to 2 MPa. It is
equipped with an axial displacement encoder, allowing for measurements of axial
displacement with an accuracy of 1 μm to large displacement of 35 mm. A 15 kN load
balanced internal load cell was installed providing an accuracy of ± 1 N. Pore water
pressure measurements are taken using a pore pressure transducer with an accuracy of
± 2 kPa, and up to a maximum of 2 MPa. This apparatus has been successfully used in
previous research studies (e.g., Schmidt, 2015; and Kiss, 2016).
The experimental testing program conducted in this study comprised triaxial tests to
evaluate the mechanical behaviour of unreinforced and reinforced soil. The basic
requirements for reliable triaxial testing are controlled by specimen preparation to ensure
reproducible initial state, complete saturation of the specimen, well centered axial load,
negligible friction on the loading ram, well controlled cell and pore pressures, and
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accurate measurements of axial load, axial deformation, and volumetric change (Marri,
2010; Salah-ud-din, 2012).

Triaxial cell

Figure 3.6 The triaxial setup

Back pressure
pump

Cell pressure
pump

Figure 3.7 Back pressure and cell pressure pumps
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3.3.1.1

Triaxial Setup Top Cap Modification for Sample Docking

GDS instruments have a sample docking procedure, which has been routinely carried out
by researchers (Al-Ghanem, 1985; Mofiz and Rahman, 2010; Schmidt, 2015; Kiss, 2016)
that employs a bell-mouth flexible Vylastic sleeve with a suction interface. However,
previous experience (Schmidt, 2015; Kiss, 2016) identified that perfect connection was
rather challenging, see Figure 3.8. Therefore, in this research study, the docking
mechanism was modified with a simple and robust extension top cap without using the
bell-mouthed flexible sleeve, ensuring a perfectly rigid connection between sample and
the top cap. The modification of the system is shown in Figure 3.9. The apparatus
performs the triaxial compression and extension tests (see Appendix I for GDS
instruments Ltd. theoretical explanation) without any implications. The current triaxial
apparatus docking mechanism has successfully removed the uncertainties of imperfect
connection, especially in case of triaxial extension and cyclic loading. This system is
similar to that of the Japanese collaboration team in Fukuoka University.

Figure 3.8 Standard extension top cap (GDS instruments, 2018)
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Adapter Screw

Load Cell

Back Pressure Connector
Extension Top Cap
Single Piece

Figure 3.9 Modified extension top cap (Modified from GDS Instruments, 2018)

3.4 Testing Procedures
3.4.1

Specimen Preparation

A careful review of the past available literature and the experience gained through
previous experimental investigations concerning the testing of laboratory specimens of
reinforced materials indicated that test results are strongly dependent up on the specimen
preparation techniques. Moisture control, mixing procedures, and compaction are three
vital components to ensure careful preparation of the fibre reinforced cemented Toyoura
sand specimens.
There are various laboratory sample preparation methods such as under-compaction
moist tamping, air pluviation, and water pluviation. The under-compaction moist
tamping, originally proposed by (Ladd, 1978) is the most widespread laboratory
specimen preparation method to prepare sand samples (Michalowski and Cermak, 2003;
Diambra, 2010; Marri, 2010; Salah-ud-din, 2012; Schmidt, 2015). The air pluviation
method consists of pluviating dry sand using a funnel through air into a specimen mould
from a fixed fall height. Water pluviation method is similar to the air pluviation method;
however, the sand in this case is pluviated through de-aired water rather than air. In this
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research study, the under-compaction moist tamping sample preparation technique (Ladd,
1978; Michalowski and Cermak, 2003; Michalowski, 2008; Ibraim et al., 2010, 2012;
Nakamichi and Sato, 2013; Diambra and Ibraim, 2015; Schmidt, 2015), has been
employed to match the sample preparation technique of Fukuoka University (Nakamichi
and Sato, 2013) and previous research conducted at Western University (Schmidt, 2015).
Cylindrical specimens were prepared in height of 100 mm (20 mm for each layer) and
diameter of 50 mm with a height to diameter ratio of 2 (ASTM Standard D7181). The
relative density index of the samples has been defined as:
𝑒𝑚𝑎𝑥 − 𝑒𝜊
𝐼𝑑 =
𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛

3.1

Where, 𝑒𝜊 , 𝑒𝑚𝑖𝑛 , and 𝑒𝑚𝑎𝑥 are the initial, minimum, and maximum void ratio for the
tested material. Most of the samples have been prepared to a target dry density value
(e.g., 𝜌𝑑 = 1.489 g/cm3) of Toyoura sand. This density has been selected to replicate the
real field condition (e.g., medium dense state) of the compacted soil (e.g., Tokyo Bay
region) and also to make comparison with the previously published literature
((Nakamichi and Sato, 2013; Schmidt, 2015). In case of silty sand specimens, relative
density according to minimum, and maximum void ratio for pure and silty sand is
considered (see Figure 3.10).
Unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand samples were
prepared and mixed to 10 percent of water content by dry mass of soil. 10% initial
moisture content was designed to mimic the work of (Nakamichi and Sato, 2013;
Schmidt, 2015) from Fukuoka and Western University, who used a similar method for
monotonic and cyclic triaxial specimen preparation. Samples were then compacted in 5
equal layers of 20 mm. Figure 3.11 shows (a) an unreinforced sample prepared in a split
mould and (b) an extruded cemented sample.
Following steps were conducted prior to testing the specimens:
1. First is, the desired amount of dry soil is weighed
2. The desired water content of 10% was added to the dry mass of soil. For the fibre
reinforced soil specimens, water is added and thoroughly mixed prior to addition of
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the fibres, in order to obtain uniform and consistent specimens and avoid creation of
clumps of fibres in the specimens (Michalowski and Cermak, 2003; Michalowski,
2008; Ibraim et al., 2010, 2012; Nakamichi and Sato, 2013; Diambra and Ibraim,
2015; Schmidt, 2015)
3. The bottom porous stone (de-aired and saturated using boiled water) and filter paper
was then placed on to the base pedestal.
4. The base pedestal was lubricated with silicon grease to produce an airtight
connection between the latex membrane and base pedestal.
5. The latex membrane and O-rings were then placed on to the pedestal base with the
aid of a membrane stretcher.
6. The split mould was mounted and tightened with a circular clamping ring. A thin
plastic cling wrap was rolled around the split mould to provide an accurate seal.
7. Vacuum suction was applied to keep the membrane attached to the inner surface of
the mould.
8. The first layer of sand-fibre mixture was then delicately poured with the aid of a
spoon into the mould to ensure minimal disturbance of fibre distribution.
9. The mixture was then gently tamped and compacted to the desired dry density value
(e.g., 𝜌𝑑 = 1.489 g/cm3), equivalent to the relative density of 60% of Toyoura sand
(Nakamichi and Sato, 2013). Prior to the placement of the next layer, the surface
was scratched to avoid any layering effect in specimen.
10. After placing the final compacted layer, the surface was levelled with the aid of
spatula prior to placement of the top porous stone (de-aired and saturated using
boiled water).
11. Filter paper and the top porous stone was then placed on to the top of specimen.
12. The specimen was then taken and mounted on to the triaxial apparatus.
13. A small value of deviator stress is required to dock the sample to the top cap. The
specimen was then docked with approximately 5 kPa of deviator stress (medium
dense specimens were assumed to have no effect on sample deformation due to this
small value of deviator stress).
14. The latex membrane and O-rings were then gently placed around the modified top
cap of the apparatus.

60

15. The split mould was removed, dimensions of specimens were taken, and the
chamber were then lower down in position.
16. The chamber was then filled with water and a cell pressure of 5-8 kPa was applied
to keep the sample stable.
17. For the cemented mixtures, the samples were prepared in polyvinyl chloride (PVC)
moulds of 100 mm height and 50 mm diameter using moist tamping sample
preparation technique with 10% water by total mass of sand and cement at a desired
target dry density (e.g., 𝜌𝑑 = 1.489 g/cm3). Samples were then wrapped using cling
wrap and a further thick plastic bag. This procedure was conducted in order to avoid
any loss of moisture content. Samples were then cured for 3 days (Chapter 4), and
3, 7, 14, 28, and 56 days (Chapter 5 to study the effect of curing duration) under
water in a big plastic bucket (e.g. to ensure 100% humid environment). Similar
procedure was also used by previous researchers (Nakamichi and Sato, 2013;
Schmidt, 2015). After curing, the specimen was extruded using a hydraulic jack
extruder from the mould and dimensions and mass of specimens were noted. The
cured cemented specimen was then taken and mounted on to the triaxial apparatus.
Few main reasons for 3 days curing duration used (Chapter 4) are:
1). Match Fukuoka University data
2). Previous Western University data
3). Speed up the testing process
4). Machine limitations
5). Lower bound on behaviour (short term strength)
Figure 3.10 shows the variation of relative dry density and void ratio of Toyoura sand
with varied percentages of silica flour.
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Note Please: At 100% silica content,
it is silica flour, not Toyoura Sand

Note Please: At 100% silica content,
it is silica flour, not Toyoura Sand

(a)

(b)

Figure 3.10 (a) Dry density of Toyoura sand with varied percentages of silica flour (b)
Void ratio of Toyoura sand with varied percentages of silica flour (Modified from
Schmidt, 2015)
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(a)
(b)
Figure 3.11 (a) Sample prepared in a split mould (b) Extruded cemented sample
The average fibre (wf), silt (wm), and cement (wc) contents included in a composite
material was determined as a percentage of dry mass of sand (Ws).
𝑤𝑓 =

𝑊𝑓
∗ 100(%)
𝑊𝑠

3.2

𝑤𝑚 =

𝑊𝑚
∗ 100(%)
𝑊𝑠

3.3

𝑤𝑐 =

𝑊𝑐
∗ 100(%)
𝑊𝑠

3.4

Where, Wf is the mass of fibre, Wm is mass of silt, Wc is the mass of cement.
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Figure 3.12 Sample ready for conducting test
The mass of all of the sample constituents was calculated as a percentage of the total dry
mass required to produce the desired dry density (e.g. a 100-gram sample of 42% silt, 2%
cement, 1% fibre, and 55% Toyoura sand contains 42 grams of silt, 2 grams of cement, 1
gram of fibre, and 55 grams of Toyoura sand, respectively). The 10% water content was
calculated as a percentage of the total dry mass of sand (for pure sand) and/or sand-fibrecement mixtures (for composite materials). For the cemented samples, the final relative
density varied a little (e.g., 1-2%) due to the hydration and expansion of the cementitious
material (e.g., for 1-3% cement content). The relative density of the Toyoura sand has
been used and increased slightly when cement was added to account for this change in
soil fabric. This issue is still debated in the literature, and no definitive conclusion as to
the best way to address this has been agreed upon (Clough et al., 1981; Dvorkin and Yin,
1995; Bullard et al., 2010; and Schmidt, 2015). After three days of curing, an average
degree of hydration of 88% was assumed based on empirical data from (Shafiq and
Nuruddin, 2010). From this data the volume of hydrated cement products was roughly 2.1
times the volume of the initially added dry cement (Schmidt, 2015) as shown below:
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𝑉ℎ𝑝 = 2.1 [

𝑒𝑜 = [

𝑀𝑎𝑠𝑠𝑐𝑒𝑚𝑒𝑛𝑡
]
𝐺𝑠−𝑐𝑒𝑚𝑒𝑛𝑡

𝑉𝑣𝑜𝑖𝑑𝑠
]
𝑉𝑠𝑜𝑖𝑙𝑑𝑠 + 𝑉ℎ𝑝

3.5

3.6

Void ratios were then calculated based on the volume of voids, solids (sand+fibre in case
of fibre reinforced sand), and hydrated cement products (Vhp). The addition of fibres was
assumed not to alter the initial void ratio and considered to be the part of soil (Gray and
Ohashi, 1983; Gray and Al-Refeai, 1986; Maher and Gray, 1990; Maher and Ho, 1993;
Ranjan et. al., 1996; Michalowski and Cermak, 2003; Michalowski, 2008; Ibraim et. al.,
2010, 2012; Diambra and Ibraim, 2015; Schmidt, 2015).

3.4.2

Saturation

Saturation of the sample is an important aspect to ensure correct development of pore
pressures during testing. First is, carbon dioxide (CO2) was slowly flushed through the
bottom of the sample for about 30 minutes to absorb any entrapped air in the voids of
specimen with a gradient of pressure for approximately 3 kPa. The top and bottom
drainage lines were flushed with de-aired water through back pressure pump at a very
slow rate. After flushing the drainage lines, then de-aired water was flushed in the
specimen at a very slow rate to fill the voids of specimen and replace CO2. In addition,
the pore water pressure values were also monitored during CO2 percolation and flushing
with water. It was necessary to maintain an effective stress of approximately 3 kPa in
order to minimize any sample disturbance.
Once the CO2 percolation and flushing with water was finished, the cell pressure was
ramped to 320 kPa and back pressure was ramped to 310 kPa, maintaining an effective
stress of 10 kPa. In the next stage, cell pressure was then ramped to 330 kPa (e.g. the
back pressure 310 kPa was kept constant and cell pressure starting at 320 kPa was then
increased at a rate of 2-3 kPa/minute, till the final target cell pressure of 330 kPa was
reached) and Skempton’s pore pressure coefficient B (Skempton, 1954) was measured
during saturation using equation 3.7. All unreinforced and reinforced specimens were
saturated until a B-value of at least 0.96 was reached before starting the consolidation
stage. Higher B-values were possible in cemented samples due to the application of
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higher back pressures (e.g., 320 kPa), short curing duration (e.g., 3 days), and lower
cement contents (0-3%). The list of B-values obtained in this study are given in the
Appendix I.
𝐵=

3.4.3

∆𝑢
≥ 0.96
∆𝜎3

3.7

Consolidation

All specimens for the consolidated undrained (CIU) and consolidated drained (CID) tests
were isotropically consolidated to the desired mean effective stress (e.g., 50 kPa, 100
kPa, 200 kPa, 400 kPa under computer control). The consolidation stage was continued
until 100% primary consolidation was reached.

3.4.4

Shearing Stage

The rate of axial displacement used to shear all of the specimens was 0.06 mm/min
(Head, 1986; Schmidt, 2015) to eliminate any concerns over rate effects, when
comparing consolidated drained (CID) and consolidated undrained (CIU) triaxial test
results on unreinforced and reinforced Toyoura sand samples. CD and CU specimens
were then sheared up to a maximum axial strain of 15-30 percent in triaxial compression
loading mode to permit evaluation of the post-peak stress-strain behaviour and 15 percent
axial strain in triaxial extension mode. The equation used to calculate the rate of axial
displacement is presented below:
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑎𝑥𝑖𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =

𝜀𝑓 ∗ 𝐻
100 ∗ 𝑡𝑓

(𝑚𝑚/𝑚𝑖𝑛)

3.8

Whereas, 𝜀𝑓 is the target failure strain, H is the height of sample, and 𝑡𝑓 is the time
required to failure given by equation below:
𝑡𝑓 = 1.8 ∗ 𝑡100

(𝑚𝑖𝑛)

3.9

Where, 𝑡𝑓 is the time to reach 100% consolidation.
For triaxial extension tests, a similar procedure of shearing was adopted as for
compression tests (e.g., +0.06 mm/min means upward movement of an actuator from the
bottom of the sample). However, the only difference in extension test is the application of
the rate of axial displacement in opposite direction (e.g., -0.06 mm/min means downward
movement of an actuator and applying extension to the sample from the bottom). The
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compression test conducted in this study represents the total stress path of loading
compression (LC) and the extension test represents the total stress path of an unloading
extension (UE) test presented in previous studies (Drakos and Pande, 2015; Ricardo et.
al., 2017).

Figure 3.13 Representation of the total stress paths in triaxial test (Drakos and Pande,
2015)

3.4.5
3.4.5.1

Data Calculation
Initial Void Ratio

Initial void ratio (𝑒0 ) of the specimen has been calculated based on the 𝑉𝑠 = volume of
soil, 𝜌𝑤 = density of water, 𝐺𝑠 = specific gravity, and 𝑊𝑠 = dry mass of soil (for pure
sand) using the following equation 3.10.
𝑒0 =

𝑉𝑠
−1
𝑊𝑠
(𝜌 ∗ 𝐺 )
𝑤
𝑠

3.10

The addition of fibres was assumed not to alter the initial void ratio and considered to be
the part of soil (Gray and Ohashi, 1983; Gray and Al-Refeai, 1986; Maher and Gray,
1990; Maher and Ho, 1993; Ranjan et al., 1996; Michalowski and Cermak, 2003;
Michalowski, 2008; Ibraim et. al., 2010, 2012; Diambra and Ibraim, 2015; Schmidt,
2015). For cemented sand, a small correction for initial void ratio is presented in section
3.4.1.
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3.4.5.2

Area Correction

Many researchers (e.g. Sladen and Handford, 1987; Been et. al., 1991; Sasitharan et. al.,
1994) recognized that the errors in the initial void ratio may be large if volume change of
specimens during saturation are not accurately taken into account. In this study, it was
found that the potential void ratio errors were very small (e.g. 0.002-0.004). Hence,
changes in void ratios (0.2-0.5%) were assumed to be negligible during the saturation
stage because the cell and back pressures were ramped very slowly to the target values to
avoid any significant sample disturbance and noticeable change in void ratio.
The initial dimensions of the specimens also change during the consolidation and
shearing stages, therefore, the volume and cross-sectional area of the specimen changes
accordingly. Change in the volume of specimen during consolidation stage is accurately
measured with the back pressure/volume controller. Following this, the corrected area is
then calculated given equation 3.11 given below.
𝐴𝑐 =

(1 − 𝜀𝑣 )
∗ 𝐴𝑜
(1 − 𝜀𝑎 )

3.11

Where, 𝐴𝑐 is the corrected cross-sectional area of the specimen, 𝜀𝑣 is the change in the
volume of specimen ( Δ𝑉⁄𝑉 ), 𝜀𝑎 is the change in the height of specimen ( Δ𝐻⁄𝐻 ). Void
0
0
ratio at the end of consolidation is then calculated using equation 3.10. Similar area
corrections have been reported by Jinfeng Wei (2013).

3.4.5.3

Membrane Corrections

A thin, 0.30 mm latex membrane was used to contain the soil specimens in the laboratory
tests. Stiffness, thickness, and diameter of the latex membrane have been found to have a
significant influence on the measured stress and volumetric strain response (Henkel and
Gilbert, 1952). Several corrections have been applied to the measured triaxial drained and
undrained tests such as membrane penetration and membrane stiffness in order to account
for this phenomenon. The mean grain size of sample and effective confining pressure has
an equally significant influence on the volumetric strain (Newland and Allely, 1959).
Generalized correction procedures are practically uncertain because the correction
methods are limited to specific test conditions. Effectively, the following sections
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highlight the corrections that can be considered in triaxial testing due to the stiffness and
penetration effects of the latex membrane.

3.4.5.3.1

Stiffness Correction

The latex membrane used to encompass the soil specimen in triaxial test may influence
the measured strength, depending up on the stiffness, thickness, and diameter of the
membrane (ASTM-D4767-11). Based up on the ASTM standards, the measured strength
of the specimen can be corrected to obtain the corrected strength, as shown below.
𝜎𝑎 = 𝜎𝑎,𝑚 + Δ𝜎𝑎,𝑐

3.12

𝜎𝑟 = 𝜎𝑟,𝑚 + Δ𝜎𝑟,𝑐

3.13

Where,

∆𝜎𝑎,𝑐 =

−4 ∗ 𝑡𝑚 ∗ 𝐸𝑚
𝜖𝑣
(𝜖𝑎 + )
𝑑𝑖
3

3.14

∆𝜎𝑟,𝑐 =

−4 ∗ 𝑡𝑚 ∗ 𝐸𝑚
(𝜖𝑣 )
3𝑑𝑖

3.15

Where, 𝜎𝑎,𝑚 and 𝜎𝑟,𝑚 is the measured axial and radial stress, and Δ𝜎𝑎,𝑐 and Δ𝜎𝑟,𝑐 is their
respective correction. 𝐸𝑚 , 𝑡𝑚 , and 𝑑𝑖 is the elastic modulus, thickness, and initial
diameter of the latex membrane. The elastic modulus 𝐸𝑚 for latex memebrane is reported
as 1100 kPa (Donaghe et al., 1988). Similar stiffness corrections have been employed by
Diambra (2010), and Diambra and Ibraim (2015).

3.4.5.3.2

Penetration Correction

In drained triaxial tests, volume change is calculated based on the quantity of water
leaving or entering the saturated specimen. However, due to the penetration of latex
membrane into the peripheral voids, volumetric strains are inaccurately calculated.
Increases in cell pressure causes the latex membrane to penetrate between the particles of
granular specimen. Hence, it has been found that volumetric strain and pore water
69

pressures of the specimen needs to be corrected. Newland and Alley (1959) developed
the first membrane penetration correction method; it was reported that the magnitude of
its effect was determined by many factors (e.g. membrane properties, specimen size,
grain size distribution, shape and size of particles, relative density, mean grain size and
effective confining pressure), however, it was suggested that the mean grain size and
confining pressure had the most profound impacts. Figure 3.14 shows a schematic
representation of contact area between sand grains and latex membrane.
Since then, several correction methods have been developed, Baldi and Nova, (1984),
proposed the following equation for estimating the volumetric strain correction due to the
penetration of latex membrane.
1/3

𝑑𝑚
𝑝′ ∗ 𝑑𝑚
∆𝑉𝑚 =
𝑉0 [
]
2𝐷
𝐸𝑚 ∗ 𝑡𝑚

3.16

Figure 3.14 Schematic representation of contact area between grains and triaxial
membrane (Baldi and Nova, 1984)
Where, 𝑑𝑚 is the mean grain size (D50) of the soil, 𝑉 0 is the volume of sample, D is the
diameter of the sample, 𝐸𝑚 is the elastic modulus of the latex membrane, 𝑡𝑚 is the
thickness of the latex membrane, 𝑝′ is the effective confining pressure. The elastic
modulus 𝐸𝑚 for latex membrane is reported as 1100 kPa (Donaghe et al., 1988). The
potential errors in the void ratio due to membrane penetration have been found to be in
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the range of 0.003 to 0.006. Hence, for practical purposes the effect of membrane
penetration has been neglected in this research program.

3.5 Overview of Testing Program
In this research study, extensive laboratory investigations were conducted through a
detailed testing program, considering the first three objectives of this thesis (see below).
1. To gain better understanding of the mechanical behaviour and broaden the
database of previous studies on Toyoura sand with various additives such as silt,
cement, and fibre of differing percentages.
2. To assess the main factors affecting the monotonic stress-strain, volumetric strain,
pore water pressure response of unreinforced and reinforced silty and cemented
Toyoura sand.
3. To obtain pertinent model parameters (e.g. 𝑀∗ , 𝑞0 , Γ, 𝜆, 𝜅, 𝜙′𝑐𝑠 , ѱ, etc) for
constitutive modeling and design practice.
Initially, consolidated drained (CID) and consolidated undrained (CIU) triaxial
compression and extension tests were performed to understand the mechanical
behaviour of composite material and obtain necessary constitutive model parameters.
Following this, several additional tests and investigations (e.g. back pressure effect,
curing duration, compression (load-unload) tests, local strain [Hall effect]
measurements, shear wave velocity measurements, fibre orientation distribution, and
density variation), were also conducted to understand the effects of other governing
parameters on the mechanical behaviour of composite material. A complete list of
tests performed in each series of tests, the investigated materials, and the research
outcomes are presented in Table 3.4. Further details of each series of tests program
are given in Chapter 4 and 5.
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Table 3.4 Summary of tests performed in this research
Test Type

Tests

Investigated

Loading

Performed

Materials

Condition

Research Interests

C/E
cohesion, frictional angle, dilatancy angle, stress-strain,
Consolidated drained

24

Sand, Cement,

C

Fibres

Consolidated drained

21

Sand, Cement,

volumetric strain, stress path, slope of failure line,
friction angle, peak strength, serviceability failure

E

same as CID tests + extension loading

Fibres
cohesion, frictional angle, dilatancy angle, stress-strain,
Consolidated undrained

25

Sand, Cement,

C

Fibres

Consolidated undrained

20

Sand, Cement,

pore pressure, stress path, slope of failure line, friction
angle, peak strength, serviceability failure

E

same as CIU tests + extension loading

Fibres
Consolidated undrained

18

Sand,Cement,Fibres

C

back pressure investigation

Consolidated drained

26

Sand, Cement,

C

same as CID tests+ curing period + brittleness index

C

sand, fibre, cement, silt content

C

model Parameters (𝜅, 𝜆, 𝑁)

C

mechanical behaviour, local strain measurements,

Fibres
Consolidated undrained

12

Sand, Cement,
Fibres, Silt

Compression

9

(load-unload)

Local strain

Sand, Cement,
Fibres

12

(Hall Effect

Sand, Cement,
Fibres

Stiffness degradation

Measurements)

Piezoelectric ring actuator

14

(Shear Wave Velocity

Sand, Cement,

Measurements)

Fibres, Silt

Computerized tomography

3

scans

Sand, Cement,

---

small strain measurements, stiffness properties

---

Fibre orientation distribution, homogeneity of samples

C

Density variation

Fibres

Consolidated drained and
undrained

27

Sand, Cement,
Fibres

stress-strain, cohesion, frictional angle, dilatancy angle,
volumetric strain, pore pressure, stress path, slope of
failure line, peak strength, serviceability failure, loading
Grand Total

211

Sand, Cement,

C/E

Fibres, Silt

conditions, back pressure, curing period, brittleness
index, silt content, model parameters, small strain
measurements, fibre orientation distribution, density
variation
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3.6 Summary
In this study, a well-known Japanese standard Toyoura sand obtained from Tokyo Bay
region, was used as a benchmark material with three other additives (e.g. ordinary
Portland cement, PVA fibres, and silica flour). The physical properties of pure Toyoura
sand and other additives were determined by ASTM standards. Toyoura sand was
described as an angular to sub-angular, fine grained and poorly graded sand. The subangular non-plastic silt employed here consisted of 100% ground quartz and was fine
grained and well-graded, based on the high coefficient of uniformity and coefficient of
curvature. Ordinary Portland Cement Type-I (OPC-I) shipped from Ube-Mitsubishi
Cement Corporation in Japan was used as a cementing material and synthetic
monofilament polyvinyl alcohol (PVA) fibres were used as fibre inclusions and
reinforcing material. A GDS triaxial apparatus was employed to conduct isotropically
consolidated undrained (CIU) and consolidated drained (CID) compression and extension
triaxial tests to investigate the stress-strain, pore water pressure, volumetric strain, stress
path behaviour on unreinforced and fibre reinforced cemented Toyoura silty sand
specimens. The docking mechanism was modified with a simple and robust extension top
cap without using the bell-mouthed flexible sleeve, ensuring a perfectly rigid connection
between sample and the top cap. The current triaxial apparatus docking mechanism has
successfully removed the uncertainties of imperfect connection, especially in case of
triaxial extension loading. In this research study, the under-compaction moist tamping
sample preparation technique was employed for unreinforced, cemented, fibre, and fibre
reinforced cemented sand. Cylindrical specimens were prepared in height of 100 mm (20
mm for each layer) and diameter of 50 mm with a height to diameter ratio of 2 (ASTM
Standard D7181). The under-compaction specimen preparation technique was thought to
closely mimic the compacted/reconstituted unreinforced and reinforced sand deposit in
the field (e.g. Tokyo Bay region). The testing procedures consisted of standard guidelines
(e.g. ASTM standards) of starting the test first with saturation, followed by consolidation
and then shearing the samples till the required serviceability limit states (e.g. 15-30%
axial strain in compression loading and 15% in extension tests). An overview of
extensive testing program consisting a wide range of tests, to achieve the first three
objectives of this research was also presented at the end of the chapter.
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4

Chapter 4: Primary Laboratory Investigations

4.1 Introduction
Several series of experiments were performed on unreinforced, cemented, and fibre
reinforced cemented Toyoura sand to provide fundamental understanding of the amended
soil behaviour and constitutive model parameters. The laboratory investigations described
in this chapter were designed to quantify the effects of the different additives on the
mechanical performance of the Toyoura sand specimens. This work also forms part of
large coordinated study of these types of material conducted by Western and Fukuoka
University in Japan over the last eight years.
The different series of tests implemented to investigate the behaviour of the composite
materials are discussed below. These series were groups of isotropically consolidated
undrained (CIU) and drained (CID) triaxial compression and extension tests that were
conducted employing various percentages of additives. The analysis of the results and
observations presented have also been used in the development and calibration of the
constitutive model described in Chapter 6.

4.2 Consolidated
Undrained
(CIU)
Behaviour
Unreinforced and Reinforced Toyoura Sand
4.2.1

of

Introduction

Although sand behaviour is typically expected to be drained, in cases of low permeability
or fast loading rates, undrained conditions are more applicable. To simulate the undrained
behaviour of soil, isotropically consolidated undrained (CIU) triaxial tests are often
performed. The CIU tests conducted here were in both compression and extension
loading conditions to understand the undrained behaviour of unreinforced, fibre, cement,
and fibre reinforced cemented Toyoura sand, with varying cement (0-3%), and fibre (03%) contents. The unreinforced and reinforced specimens were initially consolidated to
𝜎1′ +2𝜎3′

target ranges (50-400 kPa) of mean effective stress, pʹ (

3

). To develop a

comprehensive constitutive model for the fibre reinforced cemented Toyoura sands, it is
vital to investigate and understand the effects of these aspects on the mechanical
behaviour of composite material.
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4.2.2

Testing Overview

Tables 4.1-3 summarize the testing program used to evaluate the stress-strain, pore
pressure-strain, stress path, and strength envelope behaviour of unreinforced, fibre,
cement, and fibre reinforced cemented Toyoura sand for triaxial compression loading
conditions. Tables 4.4-5 summarize the testing program used to evaluate the stress-strain,
pore pressure-strain, stress path, and strength envelopes behaviour of unreinforced, fibre,
cement, and fibre reinforced cemented Toyoura sand for triaxial extension loading
conditions. Note that the majority of data shown in this chapter are from the current study
unless identified otherwise.
Previous research performed at Western University was focused on soils with 0-2%
cement, 0-1% fibre, and 42-100% silt contents, and subjected to mean effective stress of
400 kPa. In addition, previous research conducted at Fukuoka University focused on soils
with 0-2% cement, 0-1% fibre, and 0-21% silt contents, and subjected to mean effective
stress of 50-100 kPa. In this study, a wider range of cement (0-3%), fibre (0-3%), and
mean effective stresses (50-400 kPa) have been used to create a broader database of
laboratory tests for unreinforced and reinforced specimens.
In the tables, WM denotes a test performed at Western University during the current
study, and WC represents tests performed at Western University by Schmidt, (2015). In
addition, the tests conducted at Fukuoka University (Nakamichi, 2013) are presented
(FU). A unique test ID has also been used for each test (e.g., CU-C0F0M0-50), the first
part of the ID represents the type of test (drained or undrained), the second part shows the
percentages of cement (C), Fibre (F), Silt (M), and the last part gives information about
the mean effective stress (e.g., 50, 100, 200, and 400 kPa).
All samples were prepared to a target dry density value (e.g., 𝜌𝑑 = 1.489 g/cm3) of
Toyoura sand using under-compaction moist tamping technique (Ladd, 1978). This
density has been selected to replicate the field conditions (e.g., medium dense state) of
the compacted soil (e.g., Tokyo Bay region) and also to make comparison with the
previously published literature ((Nakamichi and Sato, 2013; Schmidt, 2015).
Unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand samples were
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prepared and mixed to 10 percent of water content by dry mass of soil (for unreinforced
sand) and total mass of composite material (e.g., fibre, cemented, and fibre reinforced
cemented sand). Ten percent initial moisture content was utilized to match the previous
work of (Nakamichi and Sato, 2013; Schmidt, 2015) from Fukuoka and Western
University, who used a similar method for monotonic and cyclic triaxial specimen
preparation. For the testing programs in Chapter 4, the curing duration of the majority of
the tests has been three days. The reason for using 3-days curing duration has been
previously explained in Section 3.4.1.
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Table 4.1 Testing program for consolidated undrained (CIU) compression tests
(Current Study)
Test No.

Test ID

Mean Effective
Stress (p')
(kPa)

Cement
Content (%)

Fibre Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

Pure Sand
1.

CU-C0F0M0-50

50

0

0

0

WM

C

2.

CU-C0F0M0-100

100

0

0

0

WM

C

3.

CU-C0F0M0-200

200

0

0

0

WM

C

4.

CU-C0F0M0-400

400

0

0

0

WM

C

5.

CU-C0F1M0-50

50

0

1

0

WM

C

6.

CU-C0F0.5M0-100

100

0

0.5

0

WM

C

7.

CU-C0F1M0-100

100

0

1

0

WM

C

8.

CU-C0F1M0-200

200

0

1

0

WM

C

9.

CU-C0F1M0-400

400

0

1

0

WM

C

10.

CU-C0F3M0-50

50

0

3

0

WM

C

11.

CU-C0F3M0-100

100

0

3

0

WM

C

12.

CU-C0F3M0-200

200

0

3

0

WM

C

13.

CU-C0F3M0-400

400

0

3

0

WM

C

Fibre Only

Cement Only
14.

CU-C3F0M0-50

50

3

0

0

WM

C

15.

CU-C3F0M0-100

100

3

0

0

WM

C

16.

CU-C3F0M0-200

200

3

0

0

WM

C

17.

CU-C3F0M0-400

400

3

0

0

WM

C

Cement and Fibre
18.

CU-C3F1M0-50

50

3

1

0

WM

C

19.

CU-C3F1M0-100

100

3

1

0

WM

C

20.

CU-C3F1M0-200

200

3

1

0

WM

C

21.

CU-C3F1M0-400

400

3

1

0

WM

C

22.

CU-C3F3M0-50

50

3

3

0

WM

C

23.

CU-C3F3M0-100

100

3

3

0

WM

C

24.

CU-C3F3M0-200

200

3

3

0

WM

C

25.

CU-C3F3M0-400

400

3

3

0

WM

C

Note:
1) CU: Isotropically consolidated undrained
2) C: Compression and E: Extension
3) WM: Test performed at Western University in current study
4) CU-C0F0M0-50: Isotropically consolidated undrained test, Cement, C = 0%, Fibre, F
= 0%, Silt, M = 0%, and mean effective stress of 50 kPa
5). Back pressure values in this study = 320 kPa for all tests, except in separate sub-study
on back pressure effect in Chapter 5.
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Table 4.2 Previous Western University testing program for consolidated undrained (CIU)
compression tests (Schmidt, 2015)
Test No.

Test ID

Mean Effective
Stress (p') (kPa)

26.

CU-C0F0M0-400

400

27.

CU-C0F0M100-400

400

Cement
Content
(%)
Pure Sand
0

Fibre
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

0

0

WC

C

0

100

WC

C

1

0

WC

C

Pure Silt
0
Fibre Only
28.

CU-C0F1M0-400

400

0
Cement Only

29.

CU-C2F0M0-400

400

2

0

0

WC

C

30.

CU-C3F0M0-400

400

3

0

0

WC

C

30.

CU-C8F0M0-400

400

8

0

0

WC

C

31.

CU-C16F0M0-400

400

16

0

0

WC

C

Silt Only
32.

CU-C0F0M10.5-400

400

0

0

10.5

WC

C

33.

CU-C0F0M21-400

400

0

0

21

WC

C

34.

CU-C0F0M28-400

400

0

0

28

WC

C

35.

CU-C0F0M35-400

400

0

0

35

WC

C

36.

CU-C0F0M42-400

400

0

0

42

WC

C

37.

CU-C0F0M75-400

400

0

0

75

WC

C

Cement, Fibre, and Silt
38.

CU-C0F1M99-400

400

0

0

99

WC

C

39.

CU-C2F0M98-400

400

2

0

98

WC

C

40.

CU-C2F1M97-400

400

2

1

97

WC

C

41.

CU-C2F1M10.5-400

400

2

1

10.5

WC

C

42.

CU-C2F1M21-400

400

2

1

21

WC

C

43.

CU-C2F1M28-400

400

2

1

28

WC

C

44.

CU-C2F1M35-400

400

2

1

35

WC

C

45.

CU-C2F1M42-400

400

2

1

42

WC

C

46.

CU-C2F1M75-400

400

2

1

75

WC

C

Note: 1) CU: Isotropically consolidated undrained
2) C: Compression and E: Extension
3) WC: Test performed at Western University by Schmidt, (2015)
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Table 4.3 Previous Fukuoka University testing program for consolidated undrained (CIU)
compression tests (Nakamichi, 2013)
Test No.

Test ID

Mean Effective
Stress (p') (kPa)

Cement
Content
(%)
Pure Sand

Fibre
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

47.

CU-C0F0M0-50

50

0

0

0

FU

C

48.

CU-C0F0M0-100

100

0

0

0

FU

C

49.

CU-C0F0M0-200

200

0

0

0

FU

C

Fibre Only
50.

CU-C0F0.5M0-50

50

0

0.5

0

FU

C

51.

CU-C0F0.5M0-100

100

0

0.5

0

FU

C

52.

CU-C0F0.5M0-100

100

0

0.5

0

FU

C

53.

CU-C0F0.5M0-200

200

0

0.5

0

FU

C

54.

CU-C0F1M0-50

50

0

1

0

FU

C

55.

CU-C0F1M0-100

100

0

1

0

FU

C

56.

CU-C0F1M0-200

200

0

1

0

FU

C

57.

CU-C1F0M0-50

50

1

0

0

FU

C

58.

CU-C2F0M0-100

50

2

0

0

FU

C

Cement Only

Cement and Fibre
59.

CU-C1F0.5M0-50

50

1

0.5

0

FU

C

60.

CU-C1F0.5M0-100

100

1

0.5

0

FU

C

61.

CU-C1F0.5M0-200

200

1

0.5

0

FU

C

62.

CU-C1F1M0-50

50

1

1

0

FU

C

63.

CU-C1F1M0-100

100

1

1

0

FU

C

64.

CU-C1F1M0-200

200

1

1

0

FU

C

65.

CU-C2F1M0-50

50

2

1

0

FU

C

66.

CU-C2F1M0-100

100

2

1

0

FU

C

67.

CU-C2F1M0-200

200

2

1

0

FU

C

Cement, Fibre, and Silt
68.

CU-C2F1M7-50

50

2

1

7

FU

C

69.

CU-C2F1M7-100

100

2

1

7

FU

C

70.

CU-C2F1M7-200

200

2

1

7

FU

C

71.

CU-C2F1M14-50

50

2

1

14

FU

C

72.

CU-C2F1M14-100

100

2

1

14

FU

C

73.

CU-C2F1M14-200

200

2

1

14

FU

C

74.

CU-C2F1M21-50

50

2

1

21

FU

C

75.

CU-C2F1M21-100

100

2

1

21

FU

C

76.

CU-C2F1M21-200

200

2

1

21

FU

C

Note: 1) CU: Isotropically consolidated undrained
2) C: Compression and E: Extension
3) FU: Tests performed at Fukuoka University (Nakamichi, 2013)
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Table 4.4 Testing program for consolidated undrained (CIU) extension tests
(Current Study)
Test No.

Test ID

Mean Effective
Stress (p') (kPa)

Cement
Content
(%)
Pure Sand

Fibre
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

1.

CU-C0F0M0-50

50

0

0

0

WM

E

2.

CU-C0F0M0-100

100

0

0

0

WM

E

3.

CU-C0F0M0-200

200

0

0

0

WM

E

4.

CU-C0F0M0-400

400

0

0

0

WM

E

Fibre Only
5.

CU-C0F1M0-50

50

0

1

0

WM

E

6.

CU-C0F1M0-100

100

0

1

0

WM

E

7.

CU-C0F1M0-200

200

0

1

0

WM

E

8.

CU-C0F1M0-400

400

0

1

0

WM

E

9.

CU-C0F3M0-50

50

0

3

0

WM

E

10.

CU-C0F3M0-100

100

0

3

0

WM

E

11.

CU-C0F3M0-200

200

0

3

0

WM

E

12.

CU-C0F3M0-400

400

0

3

0

WM

E

Cement and Fibre
13.

CU-C3F1M0-50

50

3

1

0

WM

E

14.

CU-C3F1M0-100

100

3

1

0

WM

E

15.

CU-C3F1M0-200

200

3

1

0

WM

E

16.

CU-C3F1M0-400

400

3

1

0

WM

E

17.

CU-C3F3M0-50

50

3

3

0

WM

E

18.

CU-C3F3M0-100

100

3

3

0

WM

E

19.

CU-C3F3M0-200

200

3

3

0

WM

E

20.

CU-C3F3M0-400

400

3

3

0

WM

E

Note: 1) CU: Isotropically consolidated undrained
2) C: Compression and E: Extension
3) WM: Test performed at Western University in current study
4). Back pressure values in this study = 320 kPa for all tests, except in separate
sub-study on back pressure effect in Chapter 5.
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Table 4.5 Previous Fukuoka University testing program for consolidated undrained (CIU)
extension tests (Nakamichi, 2013)
Test No.

Test ID

Cement
Content
(%)

Mean Effective
Stress (p') (kPa)

Fibre
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

Pure Sand
21.

CU-C0F0M0-50

50

0

0

0

FU

E

22.

CU-C0F0M0-100

100

0

0

0

FU

E

23.

CU-C0F0M0-200

200

0

0

0

FU

E

Fibre Only
24.

CU-C0F0.5M0-50

50

0

0.5

0

FU

E

25.

CU-C0F0.5M0-100

100

0

0.5

0

FU

E

26.

CU-C0F0.5M0-100

100

0

0.5

0

FU

E

27.

CU-C0F0.5M0-200

200

0

0.5

0

FU

E

28.

CU-C0F1M0-50

50

0

1

0

FU

E

29.

CU-C0F1M0-100

100

0

1

0

FU

E

30.

CU-C0F1M0-200

200

0

1

0

FU

E

1

0

0

FU

E

2

0

0

FU

E

Cement Only
31.

CU-C1F0M0-50

50

32.

CU-C2F0M0-100

50

Cement and Fibre
33.

CU-C1F0.5M0-50

50

1

0.5

0

FU

E

34.

CU-C1F0.5M0-100

100

1

0.5

0

FU

E

35.

CU-C1F0.5M0-200

200

1

0.5

0

FU

E

36.

CU-C1F1M0-50

50

1

1

0

FU

E

37.

CU-C1F1M0-100

100

1

1

0

FU

E

38.

CU-C1F1M0-200

200

1

1

0

FU

E

39.

CU-C2F1M0-50

50

2

1

0

FU

E

40.

CU-C2F1M0-100

100

2

1

0

FU

E

41.

CU-C2F1M0-200

200

2

1

0

FU

E

42.

CU-C2F1M7-50

50

2

1

7

FU

E

43.

CU-C2F1M7-100

100

2

1

7

FU

E

44.

CU-C2F1M7-200

200

2

1

7

FU

E

45.

CU-C2F1M14-50

50

2

1

14

FU

E

46.

CU-C2F1M14-100

100

2

1

14

FU

E

47.

CU-C2F1M14-200

200

2

1

14

FU

E

48.

CU-C2F1M21-50

50

2

1

21

FU

E

49.

CU-C2F1M21-100

100

2

1

21

FU

E

50.

CU-C2F1M21-200

200

2

1

21

FU

E

Cement, Fibre, and Silt

Note: 1) CU: Consolidated undrained
2) C: Compression and E: Extension;
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4.2.3

Deviator Stress vs Axial Strain Response

Figure 4.1 shows the measured deviatoric stress and axial strain responses observed for
the undrained (CIU) compression and extension tests conducted on the unreinforced,
fibre, cement, and fibre reinforced cemented Toyoura sand specimens at varying
consolidation pressures (50-400 kPa). The general trends of the compression tests results
show the behaviour of medium dense sands with an increasing peak and stiffness with
increasing pressure, and a gradual decrease from peak to post-peak strength. The
unreinforced Toyoura sand specimens exhibited typical dense behaviour and reached the
peak deviatoric stress (qp) approximately within 7-12% axial strain (𝜀𝑎 ) for the varying
mean effective stresses. The unreinforced and fibre reinforced specimens show flattened
response after reaching peak strength, when consolidated under both lower effective
stresses (50 kPa and 100 kPa), and higher effective stresses (200 kPa and 400 kPa). In
addition, cemented, and fibre reinforced cemented specimens show relatively stiffer
response compared to the pure Toyoura sand specimens, and slightly post-peak strain
hardening type behaviour for the majority of the tested specimens. Fibres are observed to
be the least effective for smaller strain ranges (0-4%) due to the lack of fibre-soil matrix
interaction and are found to decrease the initial stiffness of specimens. In contrast to the
smaller strain range behaviour (shown in Appendix K), both unreinforced and reinforced
specimens exhibited much greater peak deviatoric stresses over medium strain ranges (415%).
In general, it is found that the peak deviatoric stresses have significantly increased the
inclusion of fibres and cement additives. In comparison to pure Toyoura sand, the peak
deviatoric stress increases (with 1% and 3%) fibres are found to be approximately 60%
and 130% respectively. For 3% cement additive, the peak deviatoric stress is found to be
approximately 220%. In addition, it is also been observed that the peak deviatoric stress
increase in fibre reinforced cemented specimens with 3% cement and 3% fibres has been
found to be approximately 293%. As anticipated, the short curing time provides increases
in strength and stiffness but little brittleness. The effect of curing time is further
investigated in Chapter 5.
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For the compression tests, these significant increases in the undrained shear strength of
fibre reinforced sand are likely to be due to the crossing of randomly distributed fibres
through the plane of shear failure, and increase in mobilized tensile resistance due to the
distortion of fibres during the shearing stage. It appears that the fibres have a significant
ability to withstand tension within the sand matrix without breakage or plastic
deformations (Ibraim, et. al., 2010; Nakamichi and Sato, 2013); this is confirmed, by
visual inspection of fibres from the specimens after each test. In addition, the
combination of angular to sub-angular shape of Toyoura sand particles and roughness of
PVA fibres (e.g., micro-striations) might also be attributed to the enhanced fibre
reinforced sand behavior. Hence, the strength increases in sand-fibre composites might be
due to the frictional interaction between particles and fibres (e.g., interlocking) and the
mobilized tensile resistance due to fibre modulus.
Additionally, artificial cementation further enhances the strength and stiffness of
unreinforced and fibre reinforced sand due to the increase in inter-particle cohesion,
formation of highly interlocked clusters, and much improved bonding and friction
between the fibres and sand particles. The inclusion of randomly oriented fibres into
artificially cemented sands caused a significant increase in both friction angle and
cohesion, as well as in compressive strengths for such specimens (Maher and Ho, 1993,
Festugato et. al., 2018). Hence, a fibre reinforced cemented sand can sustain a stress even
after the debonding or failure of a cemented sand and thus, can effectively improve the
brittle behavior of the cemented sand (Park, 2011).
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Compression

Extension

(a) Pure Sand

Extension

Compression

(b) 1% Fibre

84

Extension

Compression

(c) 3% Fibre

(d) 3% Cement

85

Compression

Extension

(e) 3% Cement, 1% Fibre
Compression

Extension

(f) 3% Cement, 3% Fibre
Figure 4.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU tests for
unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
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The extension tests results are also shown in Figure 4.1 and also indicate similar
behaviour to medium dense sand specimens with an absence of a significant peak,
especially for the unreinforced and fibre reinforced specimens consolidated at all
effective stresses. The unreinforced specimens reached a peak deviatoric stress (qp)
approximately within 7% to 10% axial strain (7%-12% for the compression tests) for the
varying mean effective stresses, pʹ (50 kPa, 100 kPa, 200 kPa, and 400 kPa). However,
for the fibre reinforced specimens the peak deviatoric stresses are observed to occur at
approximately 6% to 8% axial strain in compression and extension.
The fibre reinforced cemented specimens, show peak stresses at approximately 3% to 6%
strain (4%-6% for the compression tests). The unreinforced, fibre, and fibre reinforced
cemented specimens show flattened response after reaching peak strength, when
consolidated under both lower effective stresses (50 kPa and 100 kPa), and higher
effective stresses (200 kPa and 400 kPa). In addition, fibre reinforced cemented
specimens show relatively stiffer response compared to the pure Toyoura sand and fibre
reinforced sand specimens. A gradual decrease from peak to post-peak strength for the
majority of the tested specimens is also observed. Moreover, the post-peak drop
mechanism was almost identical when specimens are subjected to different effective
stresses. For instance, the post-peak strength drop observed in the specimens subjected to
lower and higher mean effective stresses starts between approximately 4 to 7% axial
strain.
In the extension tests, fibres have been observed to be the least effective for small to large
strain ranges (0-15%) due to the lack of fibre-soil matrix interaction and primarily due to
the orientation of majority of fibres in nearly sub-horizontal direction (investigated in
Chapter 5 in greater detail). Fibre additives are also found to have almost no effect on the
initial stiffness of pure sand specimens (decreased the initial stiffness in compression
tests). In triaxial extension, the contribution of fibres to the deviatoric response appears to
be very limited and the stress-strain relationships for fibre reinforced specimens are
almost identical to those for unreinforced specimens and the response is mostly
controlled by the sand matrix. The method of fabrication (e.g., moist tamping) leaves
very few fibres oriented in the vertical direction (instead in sub-horizontal direction),
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which is the direction of tensile strain in a triaxial extension test (Diambra et. al., (2007).
The macro results clearly confirm these findings and indicate the importance of fibre
orientation on the performances of reinforced sands, especially when rotation of principal
stress and strain axes may occur (Diambra, 2010). The strength increases provided by
fibres are not isotropic. Rather, the effectiveness of fibres is higher when they are present
in the direction of tensile strains (Ibraim et. al., 2010). In contrast to fibres additive alone,
cement and fibre additives when added together, slightly increased the peak strength, and
increased the initial stiffness in small strain range (0-1%) of pure Toyoura sand.
Appendix A shows further comparisons of tests in this study with these types of material
and the tests in the Fukuoka University test program. Results and findings of limited
increases in strength due to increase in mean effective stresses (e.g., 50-400 kPa) agree
well with previous research performed on fibre reinforced sand (Diambra, 2010; Diambra
et. al., 2010; Ibraim et. al., 2010), and fibre reinforced cemented Toyoura sand
(Nakamichi, 2013) in extension loading conditions.
Figure 4.2 shows the stress ratios (𝜂 = 𝑞/𝑝′) with axial strain for the various samples
compared to pure sand, the 3% fibre reinforced sand, the stress ratio increases by 38% at
high strain. Toyoura sand with 3% cement, has a stress ratio increase of approximately
61%. In addition, Toyoura sand reinforced with 3% fibre and 3% cement, has a stress
ratio increase of approximately 92%. In contrast to increase in stress ratios in
compression tests, limited increase in the stress ratios are observed for the extension tests.
For example, Toyoura sand reinforced with 3% cement and 3% fibre, has a stress ratio
increase of only 15% for the extension loading condition.

88

Compression

Extension

(a) Pure Sand and 1% Fibre

Compression

Extension

(b) Pure Sand and 3% Fibre
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(c) Pure Sand and 3% Cement

Compression

Extension

(d) Pure Sand and 3% Cement + 1% Fibre

90

Compression

Extension

(e) Pure Sand and 3% Cement + 3% Fibre
Figure 4.2 Stress ratio (𝑞/𝑝′) versus axial strain (𝜀𝑎 ) curves from CIU tests for
unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
Figures 4.3a-d and Appendix L show the effect of fibre and cement additives on the
secant modulus (E50-stiffness at 50% of failure strain) for Toyoura sand in compression.
Overall, the secant modulus increases slightly (i.e., 10-15%) for the fibre reinforced
specimens. However, a significant improvement in the secant modulus is observed, for
cemented and fibre reinforced cemented specimens. For example, Toyoura sand
reinforced with 3% cement, has an increase in secant modulus of approximately 50100%. However, Toyoura sand reinforced with 3% cement and 3% fibre, has an increase
in secant modulus of approximately 100-150%. Fibres alone are least effective for
increasing the secant modulus of Toyoura sand, but cement alone, and fibre and cement
when used in combination, significantly increases the secant modulus of Toyoura sand.
These slight increases in secant modulus (50% of failure strains) and further reduction at
small strains (0-1%) due to fibre additives might be attributed to the fact that extensible
fibres require an initial deformation to begin strength mobilization, which results in the
reduction of stiffness of the fibre reinforced sand. Fibres become more effective under
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medium and large strains and this seems to be clearly shown by the compression results
presented in previous research (Heinick et. al., 2005; Diambra et. al., 2010). Moreover,
the addition of a softer material (higher fibre content) into the sand, leads to a higher drop
in the initial small strain stiffness (Choobbasti and Kutanaei, 2017). In this Chapter, the
effectiveness of fibre and cement additives on secant modulus at 50% of failure strain is
investigated. Small-strain stiffness behavior of unreinforced, fibre, cement, and fibre
reinforced cemented sand using local strain measurements is studied in greater detail in a
separate sub-study in Chapter 5.

(a)
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(b)

(c)
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(d)
Figure 4.3 Secant Modulus (E50) from CIU tests for unreinforced, fibre, cement, and fibre
reinforced cemented Toyoura sand specimens

4.2.4

Pore Pressure Response

The excess pore pressure (∆𝑢) versus axial strain responses for the CIU compression and
extension tests are shown in Figure 4.4. Positive or negative excess pore water pressures
are developed in the specimens during undrained shearing to maintain constant volume;
specimens try to contract or expand during shearing, but the volume change is prohibited
due to the undrained boundary condition. Unreinforced Toyoura sand specimens, when
subjected to lower mean effective stresses (50 kPa and 100 kPa) developed positive
excess pore pressure reaching 25 kPa to 50 kPa, respectively. Toyoura sand, when
stabilized with 0-3% PVA fibres, 0-3% cement, or a combination of both, exhibited the
same general trend of increases of excess pore pressure generation and positive excess
pore pressure increases to 50 kPa to 80 kPa. Similarly, unreinforced Toyoura sand
specimens, when subjected to higher mean effective stresses (200 kPa and 400 kPa)
exhibited positive excess pore pressure reaching nearly 80 kPa to 100 kPa, respectively.
Clean Toyoura sand when stabilized with 0-3% PVA fibre, 0-3% cement, or a
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combination of both, exhibited the same general trend of excess pore pressure generation
increase and positive excess pore pressure increases to 160 kPa to 180 kPa.
Toyoura sand, when stabilized with 0-3% PVA fibres, 0-3% cement, or a combination of
the both, and subjected to lower mean effective stresses (50 kPa and 100 kPa) developed
lower negative excess pore pressure of approximately -300 kPa. Clean Toyoura sand
when stabilized with 0-3% PVA fibre, 0-3% cement, or a combination of both, exhibited
much higher negative excess pore pressure generation and gave increases in negative
excess pore pressure of approximately -300 kPa to -400 kPa. At high axial strain the
change in pore pressure (e.g., ∆𝑢 = 0) is almost zero. Results of the fibre reinforced
cemented samples (e.g., C3F1M0) subjected to extension loading conditions show a
slight variation at an assumed high axial strain.

Compression

Extension

(a) Pure Sand
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Compression

Extension

(b) 1% Fibre
Compression

Extension

(c) 3% Fibre

96

(d) 3% Cement
Compression

Extension

(e) Pure Sand and 3% Cement + 1% Fibre

97

Compression

Extension

(f) Pure Sand and 3% Cement + 3% Fibre
Figure 4.4 Excess pore pressure (∆𝑢) vs axial strain (𝜀𝑎 ) curves from CIU tests for
unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
The excess pore pressure versus axial strain responses for the CIU extension tests are also
shown in Figures 4.4a-f. Unreinforced, and fibre reinforced Toyoura sand specimens,
when subjected to lower effective stresses (50 kPa and 100 kPa) developed negligible
amounts of positive excess pore pressure reaching nearly 5-10 kPa, respectively
(compared to 25-50 kPa in compression tests). However, Toyoura sand when stabilized
with 0-3% cement, and in combination with fibres, the Toyoura sand exhibited immediate
negative excess pore pressure generation (50 to 80 kPa in compression tests). Similarly,
unreinforced, and fibre reinforced Toyoura sand specimens, when subjected to higher
effective stresses (200 kPa and 400 kPa) exhibited higher positive excess pore pressures
reaching 50 kPa to 80 kPa, respectively (compared to 80-100 kPa in compression tests).
Clean Toyoura sand when stabilized with 0-3% PVA fibres, and in combination of 3%
cement, exhibited the same general trend of negligible increase in excess pore pressures
and positive excess pore pressures reaching approximately 0-10 kPa (160 kPa to 180 kPa
in the compression tests). In addition, unreinforced, and fibre reinforced cemented
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Toyoura sand specimens, when subjected to lower effective stresses (50 kPa and 100
kPa) developed negative excess pore pressure of approximately -200 kPa (-300 kPa in
compression tests). However, Toyoura sand when stabilized with 0-3% PVA fibres, and
in combination of 3% cement, exhibited slightly higher negative excess pore pressure
reaching -200 kPa to -400 kPa (-300 kPa to -400 kPa in compression tests).
The tests presented in this Chapter were conducted with an applied back pressure of 320
kPa (further explained in Chapter 3). The effect of back pressure on the undrained shear
strength of unreinforced, fibre, cement, and fibre reinforced cemented sand is
investigated in greater detail in a separate sub-study in Chapter 5. A detailed discussion
of the pore water pressure response is presented in Appendix M.
Figure 4.5 shows the variation of Skempton’s A parameter (Skempton, 1954) with the
axial strain (𝜺𝒂 ) from the undrained (CIU) compression and extension tests. The
significance of such a plot in geotechnical engineering, is the application of Skempton’s
A parameter for different types of stress paths occurring in the practical problems under
consideration (e.g., compression and extension loading). In the field, the Skempton’s pore
pressure parameters are most useful in engineering practise since they enable us to
predict the induced pore pressure, and estimation of pore pressure response during
undrained loadings (e.g., at any strain up to failure) by highway embankment constructed
more rapidly (e.g., excess pore water pressure is not dissipated), design and construction
control of earthfill dams (Holtz and Kovacs, 1981).
From the laboratory tests, it is observed that the positive A parameter (peak) increases
with the increase of mean effective stresses and the negative A parameter decreases with
the increase of mean effective stresses. Additionally, the magnitude of parameter A for a
given specimen, is dependent up on the stress applied, strain induced, and stress path.
This trend of the results is consistent with both unreinforced and reinforced specimens. It
is shown that the parameter A from the extension tests is approximately 3 times higher
than the tests performed in compression. In addition, fibre and cement additives decreases
the positive parameter A, and this decrease is more prominent for cemented and fibre

99

reinforced cemented sand. Hence, fibre and cement additives will make Toyoura sand
more dilative and may cause reductions in significant pore pressure generation at failure.

Compression

Extension

(a) Pure Sand and 1% Fibre
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Compression

Extension

(b) Pure Sand and 3% Fibre

(c) Pure Sand and 3% Cement
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Compression

Extension

(d) Pure Sand and 3% Cement + 1% Fibre
Compression

Extension

(e) Pure Sand and 3% Cement + 3% Fibre
Figure 4.5 A parameter vs axial strain (𝜀𝑎 ) curves from CIU compression and extension
tests for unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens
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Figure 4.6 shows the variation of Skempton’s pore pressure parameter at failure, Af with
state parameter (𝜓𝑝𝑚 ) from the compression and extension tests. The state parameter is
defined as the difference between current void ratio and the void ratio at critical state
(Been and Jefferies, 1985). The trend of the results in Figure 4.6 show that the pure
Toyoura sand has a slightly higher negative parameter A at failure than the fibre, and
fibre reinforced cemented specimens. It also shows that the state parameter decreases
with the inclusion of fibre and cement additives. The results show a link between
(𝜓𝑝𝑚 ), A at failure, and the mechanical response of soils, most notably, strength and
dilatancy (e.g., Been and Jefferies, 1985). A number of recently developed constitutive
models for soil have explicitly considered state parameter in their formulation (e.g.,
Gajo and Wood, 1999a, Li and Dafalias, 2000). In addition, the comparison of medium
dense (e.g., 𝜌𝑑 = 1.489 g/cm3) Toyoura sand, fibre, and fibre reinforced cemented sand
with loose Leighton Buzzard sand (Been and Jefferies, 1985) shows that the specimens
tested in this study have smaller Af values and negative state parameter (𝜓𝑝𝑚 ). The
smaller parameter A at failure and negative state parameter values are properties of
dilative soils. Note the parameter Af has been calculated using the following equations
(Law and Holtz, 1978).
Compression Tests:
𝐴𝑓 = ∆𝑢/∆𝑞;

4.9

Extension Tests:
𝐴𝑓 = 1 − ∆𝑢/∆𝑞

4.10
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Pure, cemented and
fibre reinforced
cemented Toyoura sand

Loose Leighton
Buzzard Sand

Increasing fibre
and cement
This Study

Figure 4.6 Parameter Af vs state parameter (𝜓𝑝𝑚 ) from CIU compression and extension
tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand specimens

4.2.5

Stress Paths and Strength Parameters

Figure 4.7 shows the stress paths obtained from the CIU compression and extension tests
in deviatoric stress versus mean effective stress space for the unreinforced and reinforced
specimens. Results show that fibre and fibre reinforced cemented specimens have a
higher negative state parameter and a steeper slope of effective stress path compared to
unreinforced specimens. Hence, observations of the stress paths also suggest that there is
a link between increases in negative state parameter and slope of the critical state line.
Figure 4.8 shows the stress paths approaching and tracking along the critical state line in
the CIU compression and extension tests with varying fibre and cement contents. Figure
4.7 shows that the deviatoric strength increases with the addition of cement and fibre
content and Figure 4.8 shows that the slope of the critical state line also increases with
higher percentages of cement and fibres.
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Extension

(a) Pure Sand

Compression
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(b) 1% Fibre
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Compression

Extension

(c) 3% Fibre

(d) 3% Cement
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Compression
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(e) 3% Cement + 1% Fibre
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(f) 3% Cement + 1% Fibre
Figure 4.7 Stress path curves from CIU tests for unreinforced, fibre, cement, and fibre
reinforced cemented Toyoura sand specimens consolidated to mean effective stress (p’)
a) 50 b) 100 kPa c) 200 kPa d) 400 kPa
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(a)

(b)
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(c)
Figure 4.8 Slope of the critical state line from CIU tests for unreinforced, fibre, cement,
and fibre reinforced cemented Toyoura sand specimens
Table 4.6 summarizes the peak strength parameters (𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 ) obtained from the
undrained (CIU) compression tests performed on unreinforced, fibre, cement, and fibre
reinforced cemented Toyoura sand specimens. The peak strength parameters significantly
increase with the addition of fibre and cement as seen in Figure 4.9. For example, for 3%
fibre and 3% cement (C3F3M0), the peak cohesion intercept increases by approximately
190% for the triaxial compression loading condition. In addition, the peak frictional angle
increases by almost 37%, and frictional angle at high strain increases by approximately
46%. Moreover, even if only 1% fibre reinforcement (C0F1M0) is added, the increase in
peak cohesion intercept is approximately 42%. Furthermore, peak frictional angle
increases by 3.6%, and frictional angle at high strain increases by approximately 4%.
Hence, it is shown that the contribution of fibre and cement additives to the strength of
pure Toyoura sand are significant and immediately noticeable from the tests performed.
Table 4.7 summarizes the results of the critical state friction angle (𝜙 ′ 𝑐𝑠 ) and slope of the
critical state line (M) obtained from CIU compression tests. The slope of critical state line
is calculated using the following equations (Eq. 4.3 and 4.4) presented in Wood (1990).
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Compression Tests:

𝑀𝑐 =

′
6𝑠𝑖𝑛𝜙𝑐𝑠
′
3−𝑠𝑖𝑛𝜙𝑐𝑠

;

4.11

Extension Tests:

𝑀𝑒 =

′
6𝑠𝑖𝑛𝜙𝑐𝑠
′
3+𝑠𝑖𝑛𝜙𝑐𝑠

;

4.12

Table 4.6 Mohr-Coulomb strength parameters, 𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 , for unreinforced, cement,
fibre, and fibre reinforced cemented Toyoura sand from CIU compression tests
At peak
C0F0M0

C0F1M0

C0F3M0

C3F1M0

C3F3M0

C3F0M0

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

0

42𝜊

42

43.5𝜊

78

48.5𝜊

129

54𝜊

191

57.5𝜊

46

51.5𝜊

Table 4.7 Slope of the critical state line, 𝑀 for unreinforced, cement, fibre, and fibre
reinforced cemented Toyoura sand from CIU compression tests
At critical state
C0F0M0
𝜙 ′ 𝑐𝑠 (°)
33.5𝜊

C0F1M0

C0F3M0

C3F1M0

C3F3M0

C3F0M0

𝑀

𝜙 ′ 𝑐𝑠 (°)

𝑀

𝜙 ′ 𝑐𝑠 (°)

𝑀

𝜙 ′ 𝑐𝑠 (°)

𝑀

𝜙 ′ 𝑐𝑠 (°)

𝑀

𝜙 ′ 𝑐𝑠 (°)

𝑀

1.35

39𝜊

1.59

45𝜊

1.85

51.5𝜊

2.12

54.5𝜊

2.24

47.5𝜊

1.95

Table 4.8 summarizes the results of the peak strength parameters (𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 ) obtained
from the CIU extension tests performed on unreinforced, fibre reinforced, and fibre
reinforced cemented Toyoura sand specimens. The peak strength parameters slightly
increase with the addition of fibres and cement. For example, for 3% fibre and 3%
cement (C3F3M0), the peak cohesion intercept increases by approximately 50%. In
addition, the peak frictional angle increases by almost 38%, and frictional angle at high
strain increases by approximately 59%. Moreover, even for only 1% fibre reinforcement
(C0F1M0), the increase in peak cohesion intercept is negligible. However, peak frictional
angle increases by approximately 6%, and frictional angle at high strain increases by
approximately 9%. Hence, it is shown that the contribution of fibre and cement additives
to the strength of pure Toyoura sand in extension tests are not as noticeable compared to
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the tests performed with the CIU compression loading condition. Table 4.9 summarizes
the results of critical state friction angle (𝜙 ′ 𝑐𝑠 ) and slope of the critical state line (M)
obtained from CIU extension tests. Ratio of slope of the critical state line obtained from
𝑀

compression and extension tests ( 𝑀𝑐 ) range from 2.81 (pure sand) to 3.92 (fibre
𝑒
reinforced cemented sand).
Table 4.8 Mohr-Coulomb strength parameters, 𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 for unreinforced, fibre
reinforced, and fibre reinforced cemented Toyoura sand from CIU extension tests
At peak
C0F0M0

C0F1M0

C0F3M0

C3F1M0

C3F3M0

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

𝑐 ′ (kPa)

𝜙 ′ (°)

0

24𝜊

0

25.5𝜊

7

27𝜊

47

29.5𝜊

49

33𝜊

Table 4.9 Slope of the critical state line, 𝑀 for unreinforced, fibre reinforced, and fibre
reinforced cemented Toyoura sand from CIU extension tests
At critical state
C0F0M0
𝜙 ′ 𝑐𝑠 (°)
15𝜊

C0F1M0
𝑀

0.48

𝜙 ′ 𝑐𝑠 (°)
16.5𝜊

C0F3M0
𝑀

0.52

𝜙 ′ 𝑐𝑠 (°)
17.5𝜊

C3F1M0
𝑀

0.54

𝜙 ′ 𝑐𝑠 (°)
18.5𝜊

C3F3M0
𝑀

0.57

𝜙 ′ 𝑐𝑠 (°)
24𝜊

𝑀
0.71

Note that in this thesis, plots show up to 15% axial strain for convenience and
comparison to data of Fukuoka University. Critical state is defined as a unique state of
constant volume shearing [e.g., identifying the critical state is a combination of change in
deviator stress, pore pressure, volumetric strain, and stress path behaviour] and where
necessary data up to 30% has been used.
Previous research (e.g., Romero, 2003; Chen, 2007; Diambra, 2010) on loose fibre
reinforced sand with lower fibre contents (0-0.9%) showed large increases in the
cohesion intercept and the angle of internal friction at different limiting strains (e.g., 5%,
15%, 25%). Tables 4.6 and 4.8 also show relatively high values of cohesion intercept at
high axial strain for reinforced specimens (e.g., fibre, cemented, and fibre reinforced
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cemented) prepared to a target dry density value (e.g., 𝜌𝑑 = 1.489 g/cm3) of Toyoura sand
(e.g., medium dense state). Additionally, inclusion of fibre and cement additives increase
the possibility of increased strength parameters. Furthermore, for fibre and fibre
reinforced cemented sand, the peak strength is reached at high axial strain (e.g., 10-15%).
This increase in strain due to fibre additives (e.g., mobilized strength at medium to large
strains) in sand and cemented sand has been previously discussed in greater detail in
Section 4.2.3. Consequently, due to the above-mentioned reasons, it is possible to get
such high values of cohesion intercept and angle of internal friction at high strains.

(a)

(b)
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(c)

(d)
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(e)

(f)
Figure 4.9 Strength parameters for unreinforced, fibre, cement, and fibre reinforced
cemented Toyoura sand from CIU tests (Note Please: WU = Western University data and
FU = Fukuoka University data)
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4.3 Consolidated Drained (CID) Behaviour of Unreinforced
and Fibre Reinforced Cemented Toyoura Sand
4.3.1

Introduction

In this section monotonic triaxial isotropically consolidated drained (CID) tests are
described for compression and extension loading conditions. To understand the drained
behaviour of unreinforced Toyoura sand and PVA fibre reinforced cemented Toyoura
sand, the tests were performed with varying cement (0-3%), and fibre (0-3%) contents.
The unreinforced and reinforced specimens were consolidated to target (e.g. 50 kPa, 100
kPa, 200 kPa, and 400 kPa) mean effective stresses, pʹ. Although fibre reinforced
specimens have been studied in triaxial compression and triaxial extension (limited
studies) loading conditions, the mechanical behaviour of fibre reinforced cemented sand
in extension loading has not been reported in the literature.

4.3.2

Testing Overview

Tables 4.10-11 summarize the testing programs used (both at Western University and
Fukuoka University) to evaluate the stress-strain, volumetric strain-axial strain, stress
path behaviour, strength envelopes of unreinforced, fibre, cemented, and fibre reinforced
cemented Toyoura sand in triaxial compression loading conditions. The testing ID used
to uniquely identify each test is composed of 5 codes (e.g., explained in section 4.2.2).
All samples were again prepared to a target dry density value (e.g., 𝜌𝑑 = 1.489 g/cm3) of
Toyoura sand. As per the undrained tests, samples were prepared and mixed to 10 percent
of water content by dry mass of soil (for unreinforced sand) and total mass of composite.
The curing duration of the majority of the tests was again three days. Table 4.12
summarizes the testing programs used to evaluate the stress-strain, volumetric strain-axial
strain, stress path, and strength envelope behaviour of the unreinforced, fibre, cement,
and fibre reinforced cemented Toyoura sand specimens in triaxial extension loading
conditions.
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Table 4.10 Testing program for consolidated drained (CID) compression tests
(Current Study)
Test No.

Test ID

Mean effective
stress
(p') (kPa)

Cement
Content
(%)

Fibres
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

Pure Sand
1.

CD-C0F0M0-50

50

0

0

0

WM

C

2.

CD-C0F0M0-100

100

0

0

0

WM

C

3.

CD-C0F0M0-200

200

0

0

0

WM

C

4.

CD-C0F0M0-400

400

0

0

0

WM

C

0

0

WM

C

Cement Only
5.

CD-C3F0M0-100

100

3
Fibre Only

6.

CD-C0F1M0-50

50

0

1

0

WM

C

7.

CD-C0F0.5M0-100

100

0

0.5

0

WM

C

8.

CD-C0F1M0-100

100

0

1

0

WM

C

9.

CD-C0F1M0-200

200

0

1

0

WM

C

10.

CD-C0F1M0-400

400

0

1

0

WM

C

11.

CD-C0F3M0-50

50

0

3

0

WM

C

12.

CD-C0F3M0-100

100

0

3

0

WM

C

13.

CD-C0F3M0-200

200

0

3

0

WM

C

14.

CD-C0F3M0-400

400

0

3

0

WM

C

15.

CD-C3F1M0-50

50

3

1

0

WM

C

16.

CD-C3F0.5M--100

100

3

0.5

0

WM

C

17.

CD-C3F1M0-100

100

3

1

0

WM

C

18.

CD-C3F2M--100

100

3

2

0

WM

C

19.

CD-C3F1M0-200

200

3

1

0

WM

C

20.

CD-C3F1M0-400

400

3

1

0

WM

C

21.

CD-C3F3M0-50

50

3

3

0

WM

C

22.

CD-C3F3M0-100

100

3

3

0

WM

C

23.

CD-C3F3M0-200

200

3

3

0

WM

C

24.

CD-C3F3M0-400

400

3

3

0

WM

C

Cement and Fibre

Note:
1) CD: Isotropically consolidated drained
2) C: Compression and E: Extension
3) WM: Test performed at Western University in current study, FU = Fukuoka University
4) CID-C0F0M0-50: Isotropically consolidated Drained test, Cement, C = 0%, Fibre, F =
0%, Silt, M = 0%, and mean effective stress of 50 kPa
5). Back pressure values in this study = 320 kPa for all tests, except in separate substudy on back pressure effect in Chapter 5.
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Table 4.11 Previous Fukuoka University testing program for consolidated drained (CID)
compression tests (Nakamichi, 2013)
Test No.

Test ID

Mean effective
stress
(p') (kPa)

Cement
Content
(%)

Fibres
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

Pure Sand
1.

CD-C0F0M0-50

50

0

0

0

FU

C

2.

CD-C0F0M0-100

100

0

0

0

FU

C

3.

CD-C0F0M0-200

200

0

0

0

FU

C

4.

CD-C0F0.5M0-50

50

0

0.5

0

FU

C

5.

CD-C0F0.5M0-100

100

0

0.5

0

FU

C

6.

CD-C0F0.5M0-100

100

0

0.5

0

FU

C

7.

CD-C0F0.5M0-200

200

0

0.5

0

FU

C

8.

CD-C0F1M0-50

50

0

1

0

FU

C

9.

CD-C0F1M0-100

100

0

1

0

FU

C

10.

CD-C0F1M0-200

200

0

1

0

FU

C

Fibre Only

Cement Only
11.

CD-C1F0M0-50

50

1

0

0

FU

C

12.

CD-C2F0M0-100

100

2

0

0

FU

C

13.

Cement and Fibre

14.

CD-C1F0.5M0-50

50

1

0.5

0

FU

C

15.

CD-C1F0.5M0-100

100

1

0.5

0

FU

C

16.

CD-C1F0.5M0-200

200

1

0.5

0

FU

C

17.

CD-C1F1M0-50

50

1

1

0

FU

C

18.

CD-C1F1M0-100

100

1

1

0

FU

C

19.

CD-C1F1M0-200

200

1

1

0

FU

C

20.

CD-C2F1M0-50

50

2

1

0

FU

C

21.

CD-C2F1M0-100

100

2

1

0

FU

C

22.

CD-C2F1M0-200

200

2

1

0

FU

C

23.

CD-C2F1M7-50

50

2

1

7

FU

C

24.

CD-C2F1M7-100

100

2

1

7

FU

C

25.

CD-C2F1M7-200

200

2

1

7

FU

C

26.

CD-C2F1M14-50

50

2

1

14

FU

C

27.

CD-C2F1M14-100

100

2

1

14

FU

C

28.

CD-C2F1M14-200

200

2

1

14

FU

C

29.

CD-C2F1M21-50

50

2

1

21

FU

C

30.

CD-C2F1M21-100

100

2

1

21

FU

C

31.

CD-C2F1M21-200

200

2

1

21

FU

C

Cement, Fibre, and Silt

Note: 1) FU = Fukuoka University
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Table 4.12 Testing program for consolidated drained (CID) extension tests (Current
Study)
Test No.

Test ID

Mean effective
stress
(p') (kPa)

Cement
Content
(%)
Pure Sand

Fibre
Content
(%)

Silt
Content
(%)

Lab

Test
Type
C/E

1.

CD-C0F0M0-50

50

0

0

0

WM

E

2.

CD-C0F0M0-100

100

0

0

0

WM

E

3.

CD-C0F0M0-200

200

0

0

0

WM

E

4.

CD-C0F0M0-400

400

0

0

0

WM

E

Fibre Only
5.

CD-C0F1M0-50

50

0

1

0

WM

E

6.

CD-C0F1M0-100

100

0

1

0

WM

E

7.

CD-C0F1M0-200

200

0

1

0

WM

E

8.

CD-C0F1M0-400

400

0

1

0

WM

E

9.

CD-C0F3M0-50

50

0

3

0

WM

E

10.

CD-C0F3M0-100

100

0

3

0

WM

E

11.

CD-C0F3M0-200

200

0

3

0

WM

E

12.

CD-C0F3M0-400

400

0

3

0

WM

E

0

0

FU

E

Cement Only
13.

CD-C3F0M0-100

100

3
Cement and Fibre

14.

CD-C3F1M0-50

50

3

1

0

WM

E

15.

CD-C3F1M0-100

100

3

1

0

WM

E

16.

CD-C3F1M0-200

200

3

1

0

WM

E

17.

CD-C3F1M0-400

400

3

1

0

WM

E

18.

CD-C3F3M0-50

50

3

3

0

WM

E

19.

CD-C3F3M0-100

100

3

3

0

WM

E

20.

CD-C3F3M0-200

200

3

3

0

WM

E

21.

CD-C3F3M0-400

400

3

3

0

WM

E

1). Back pressure values in this study = 320 kPa for all tests, except in separate substudy on back pressure effect in Chapter 5.

4.3.3

Deviator Stress vs Axial Strain Response

Figure 4.10 shows the deviator stress and axial strain responses observed in the drained
(CID) compression and extension tests. As was seen in the undrained tests, the trend of
the drained compression results shows typical behaviour of medium dense specimens
with an absence of a significant stress peak. The unreinforced specimens exhibited a
behaviour of medium dense sand and reached a peak deviator stress (qp) at approximately
4% axial strain (𝜀𝑎 ) for the varying mean effective stresses, pʹ (i.e. 50-400 kPa).
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However, for the fibre reinforced specimens the peak deviator stresses were observed at
approximately 6% axial strain. For the fibre reinforced cemented specimens, the peak
stresses were observed at approximately 8% strain. In addition, fibre reinforced cemented
specimens show relatively stiffer response compared to the pure Toyoura sand
specimens. Fibres are observed to be the least effective for smaller strain ranges (0-1%)
due to the lack of fibre-soil matrix interaction and are found to have minimum effect on
the initial stiffness of specimens (see Appendix O).
In general, the unreinforced and fibre reinforced cemented sand samples show lower peak
response when consolidated under lower effective stresses (50 kPa and 100 kPa).
However, specimens subjected to higher effective stresses (200 kPa and 400 kPa)
exhibited a more noticeable peak. Overall, fibres have been observed to be more effective
when specimens are subjected to higher effective stresses (200 kPa and 400 kPa). These
findings might be due to a better contact between sand-fibre interaction or sand-cementfibre bonding and interaction under higher effective stresses. Again, the reasons for the
absence of significant peak for the fibre reinforced cemented specimen results might be
attributed to relatively short duration of curing (e.g. 3 days) and use of low cement
contents (0-3%). However, it has been shown that the peak and deviator stresses at
critical state have been noticeably increased by the inclusion of fibres and cement
additives. No strain hardening could be seen in the fibre and fibre reinforced cemented
sand as reported by other researchers (Salah-ud-din, 2012), which is contrary to the
results presented by Diambra, (2010) for fibre reinforced sand.
The peak drained strength increases in fibre reinforced cemented specimens were found
to be up to 132% (lower effective stresses) and 243% (higher effective stresses), while,
the drained strength increases at critical state for the fibre reinforced cemented specimens
were found to be up to 105% (lower effective stresses) and 245% (higher effective
stresses). Similar results and investigations have also been reported for fibre reinforced
Hostun sand, (Diambra, 2010) and fibre reinforced cemented Portaway sand (Wang,
2005; Marri, 2010; Salah-ud-din, 2012). It should be noted that the stress-strain
behaviour of the tests performed at Fukuoka University show slightly stiffer responses
compared to the tests performed in this study (see Appendix B). This stiffer response
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might be attributed to 3 times higher rate (0.17 mm/min) of shearing compared to this
study (0.06 mm/min). The strain rate effect and increase in stiffness and dilatancy of
sands with increasing strain rate has been discussed in greater detail in previous research
studies (e.g., Yamamura et al., 2011; Svoboda, 2013; Barr, 2016) and similar results are
also reported in this study. Specimens were tested at varying strain rates and the results
are shown in Appendix B to support the hypothesis that this caused the difference in the
stress-strain and volumetric strain behaviour between the partner universities.

Compression

Extension

(a) Pure Sand
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Compression

Extension

(b) 1% Fibre

Compression

Extension

(c) 3% Fibre
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Compression

Extension

(d) 3% Cement + 1% Fibre
Compression

Extension

(e) 3% Cement + 3% Fibre
Figure 4.10 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
and extension tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying mean effective stresses (p’)
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In the extension tests, fibres alone were the least effective and the net peak drained
strength increase in fibre reinforced cemented specimens were found to be approximately
50% (in case of lower effective stresses) and 44% (in case of higher effective stresses),
while, the drained strength increase at critical state in the fibre reinforced cemented
specimens have been found to be up to approximately 47% (lower effective stresses) and
35% (higher effective stresses). In the compression tests, the peak drained strength
increases in fibre reinforced cemented specimens were found to be 132% (lower effective
stresses) and 243% (higher effective stresses), while, the drained strength increases at
critical state in fibre reinforced cemented specimens were found to be 105% (lower
effective stresses) and 245% (higher effective stresses). Overall, the fibre and cement
additives increased the stiffness, peak and strength at critical state of pure Toyoura sand
but were found to be least effective in extension loading.
Appendix N shows the stress ratio (𝑞/𝑝′) versus axial strain (𝜀𝑎 ) curves from the drained
(CID) compression tests for unreinforced, fibre, and fibre reinforced cemented Toyoura
sand specimens consolidated to different mean effective stress (p’). It can be seen that the
stress ratio, peak and critical state stress ratios increases with the addition of fibres and
cement. Similar results and investigations have also been reported for fibre reinforced
Hostun sand (Diambra, 2010) and fibre reinforced cemented Portaway sand (Wang,
2005; Marri, 2010; Salah-ud-din, 2012).
Figures 4.11a-c show the effect of fibre and cement additives on the secant modulus (E50)
of pure Toyoura sand. Overall, the secant modulus is changed very little (i.e., 3-5%) for
the fibre reinforced specimens. However, a significant improvement in the secant
modulus is observed for the fibre reinforced cemented specimens. For example, Toyoura
sand reinforced with 3% cement and 1-3% fibre, has an increase in secant modulus of
approximately 67%.
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Secant Modulus, E50 (MPa)

(a)

(b)

124

Secant Modulus, E50 (MPa)

(c)
Figure 4.11 Secant modulus (E50) from CID tests for unreinforced, fibre, and fibre
reinforced cemented Toyoura sand specimens consolidated to varying mean effective
stresses (p’)

4.3.4

Volumetric Strain Response

Volumetric strain versus axial strain behaviour observed in the drained triaxial
compression and extension tests are shown in Figure 4.12. The unreinforced and
reinforced specimens revealed classical response for compacted soils in compression at
small strains (0-2%), followed by significant dilation as they reached medium to high
strains (5-15%). In addition, the amount of dilation was observed to decrease with higher
mean effective stresses. The volumetric strain-axial strain behaviour of tests performed at
Fukuoka University show slightly more dilative response compared to the tests
performed in this study (see Appendix B). The volumetric strain versus axial strain
results show reasonably constant volume shearing behaviour for pure Toyoura sand, and
fibre reinforced sand, but fibre reinforced cemented sand specimens show slight
variations in volumetric behaviour at high strain.
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Compression

Extension

(a) Pure Sand
Compression

Extension

(b) 1% Fibre
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Compression

Extension

(c) 3% Fibre

Compression

Extension

(d) 3% Cement + 1% Fibre
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Compression

Extension

(e) 3% Cement + 3% Fibre
Figure 4.12 Volumetric strain (εv ) vs axial strain (εa ) curves from CID compression and
extension tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying mean effective stresses (p’)
For drained (CID) triaxial compression loading conditions, when subjected to lower
effective stresses (e.g. 50 kPa and 100 kPa) the specimens developed positive volumetric
strain (compression) reaching 0.4 to 0.8%.

In contrast, when subjected to higher

effective stresses (e.g. 200 kPa and 400 kPa) the samples developed higher positive
volumetric strain (compression) reaching 1.0 to 1.5%. The difference at high axial strain
of the volumetric strains for unreinforced and reinforced specimens was found to be
approximately 3.5%, when subjected to effective stress of 50 kPa. However, for the rest
of effective stresses (e.g. 100 kPa, 200 kPa, and 400 kPa), the difference in volumetric
strain have been examined to be approximately 0.8 to 1.5%. Hence, for both unreinforced
and reinforced specimens there is a decrease in volumetric strain with greater effective
stresses or in other words, the rate of dilation decreases with increases in effective
stresses, as seen in Table. 4.13. In addition, it was shown that the development of
volumetric strain plays an important role in the mobilization resistance of fibre-sand or
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fibre-sand-cement matrix. Similar results and findings were reported for fibre reinforced
Hostun sand, (Diambra, 2010; Ibraim et al., 2012; Diambra and Ibraim, 2015) and fibre
reinforced cemented Portaway sand (Wang, 2005; Marri, 2010; Salah-ud-din, 2012).
For the drained extension loading conditions, when subjected to lower mean effective
stresses (50 kPa and 100 kPa) developed significantly lower positive volumetric strain
(compression) reaching 0-0.2%. In contrast, specimens, when subjected to higher mean
effective stresses (200 kPa and 400 kPa) developed slightly higher positive volumetric
strain (compression) reaching the range of 0-0.4%. The difference at high axial strain of
the volumetric strain for unreinforced and reinforced specimens was found to be
approximately 3.9%, when subjected to mean effective stress of 50 kPa.
However, for the other effective stresses (100 kPa, 200 kPa, and 400 kPa), the difference
in volumetric strain was found to be approximately 0.5 to 1.0%. Hence, the results for the
CID extension tests indicate that, for both unreinforced and reinforced specimens, there is
a decrease in volumetric strain with increasing mean effective stresses. Thus, the rate of
dilation decreases with increasing effective stresses. Similar results were found for the
triaxial compression tests. However, contrary to the compression tests, significantly
lower positive volumetric strain (compression) were investigated in extension loading (in
the range of 0.2-0.5%).
The mobilized angle of dilatancy for triaxial conditions is defined as the inverse tangent
of the ratio of incremental volumetric and axial strains (Diambra, 2010). For simplicity it
is often assumed that the elastic components of the strain increments are small compared
with the plastic components (denoted with the superscript p), thus:
tan 𝜓 = −

𝑝

𝜀̇ 𝑣

𝑝

|𝜀̇ 𝑎 |

≈ −

𝜀̇ 𝑣
|𝜀̇ 𝑎 |

4.5

Where 𝜓 = dilatancy angle, 𝜀̇𝑣 = incremental volumetric strain, and 𝜀̇𝑎 = incremental
axial strain.
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Table 4.13 Peak dilatancy angles from the CID compression tests for unreinforced, fibre
reinforced, and fibre reinforced cemented Toyoura sand specimens
p'
(kPa)

C0F0M0

C0F1M0

C0F3M0

C3F1M0

C3F3M0

𝛹 p(°)

𝛹 p(°)

𝛹 p(°)

𝛹 p(°)

𝛹 p(°)

50

8.3

8.2

14.5

14.9

17.5

100

10.7

9.9

8.3

13.5

16.3

200

6.6

7.1

10.1

11.7

13.4

400

6.4

8.6

12.5

10.2

11.8

Figure 4.13 shows the state parameter (𝜓𝑝𝑚 ) against axial strain (εa ) curves from the CD
compression and extension tests for unreinforced, fibre, and fibre reinforced cemented
Toyoura sand specimens consolidated to different mean effective stresses (p’). It can be
seen that the state parameter increases with the addition of fibres and cement. Also, it is
seen that the state parameter decreases with higher mean effective stress for unreinforced
and reinforced specimens.
Figure 4.14 shows the peak dilatancy angle against the state parameter obtained from
CID tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand specimens.
It can be seen that pure Toyoura sand has a peak dilatancy angle of approximately 5-8°,
fibre reinforced specimens have a peak dilatancy angle of approximately 6-14°, and fibre
reinforced cemented specimens have a peak dilatancy angle of approximately 9-17°. The
state parameter for pure sand is approximately -0.032 to -0.045, -0.032 to -0.065 for fibre
reinforced sand, and -0.05-0.075 for fibre reinforced cemented specimens. Overall, the
Figure 4.15 shows that the state parameter decreases with the inclusion of fibre and
cement additives.
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Compression

Extension

(a) Pure Sand and 1% Fibre
Compression

Extension

(b) Pure Sand and 3% Fibre
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Compression

Extension

(c) Pure Sand and 3% Cement + 1% Fibre
Compression

Extension

(d) Pure Sand and 3% Cement + 3% Fibre
Figure 4.13 State parameter (𝜓𝑝𝑚 ) vs axial strain (εa ) curves from CID compression and
extension tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying mean effective stresses (p’)
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(a) Pure Sand

(b) Pure sand with 1% and 3% Fibre

(c) Pure sand, 3% cement with 1% and 3% fibre

Figure 4.14 Peak dilatancy angle vs state parameter from CID tests for unreinforced,
fibre, and fibre reinforced cemented Toyoura sand specimens
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4.3.5

Strength Envelopes and Strength Parameters

Figure 4.15 shows the strength envelopes obtained from the drained compression and
extension tests in deviator stress versus the mean effective stress space for specimens
consolidated to different mean effective stresses (e.g. 50-400 kPa). This shows that the
deviator strength increases with greater cement and fibre content. The slope of the critical
state line significantly increases with increasing percentages of cement and fibres. The
magnitudes of the slopes of the critical state lines are summarized in Table 4.15 and are
presented in Figure 4.17. The peak frictional angle vs state parameter from CID
compression and extension tests for unreinforced, fibre, and fibre reinforced cemented
Toyoura sand specimens is presented in Figure 4.18.

(a) Pure Sand, 1% Fibre, 3% Fibre
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(b) Pure Sand, 3% Cement + 1% Fibre, 3% Cement + 3% Fibre

Figure 4.15 Strength envelopes from CID compression and extension tests for
unreinforced, fibre, and fibre reinforced cemented Toyoura sand specimens consolidated
to varying mean effective stresses
Table 4.14 summarizes, and Figure 4.16 shows the magnitudes of the peak strength
parameters obtained from the drained compression tests performed on the unreinforced,
fibre reinforced, and fibre reinforced cemented Toyoura sand specimens. The peak
strength parameters significantly increase with the addition of fibre and cement. For
example, for 3% fibre and 3% cement (C3F3M0), the peak cohesion intercept increases
by 134%. In addition, the peak frictional angle increases by almost 51%, and the
frictional angle at high strain increases by 67%. Moreover, even for 1% fibre
reinforcement (C0F1M0), the increase in peak cohesion intercept is 38%. Furthermore,
peak frictional angle increases by 17%, and frictional angle at high strain increases by
24%. Hence, it is shown that the contribution of fibre and cement additives to the strength
of pure Toyoura sand are significant from the tests performed. Similar results and
findings have also been reported for fibre reinforced Hostun RF (S28) sand, (Diambra,
2010) and fibre reinforced cemented Portaway sand (Wang, 2005; Marri, 2010; Salah-uddin, 2012; Diambra and Ibraim, 2015). Table 4.15 summarizes the results of critical state
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friction angle (𝜙 ′ 𝑐𝑠 ) and slope of the critical state line (M) obtained from CID
compression tests.
Table 4.14 Mohr-Coulomb strength parameters, 𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 , for unreinforced, fibre
reinforced, and fibre reinforced cemented Toyoura sand from CID compression tests
C0F0M0
𝑐 ′ (kPa) 𝜙 ′ (°)
0
34.5𝜊

C0F1M0
𝑐 ′ (kPa) 𝜙 ′ (°)
38
40.5𝜊

At peak
C0F3M0
𝑐 ′ (kPa) 𝜙 ′ (°)
93
45𝜊

C3F1M0
𝑐 ′ (kPa) 𝜙 ′ (°)
109
47.5𝜊

C3F3M0
𝑐 ′ (kPa) 𝜙 ′ (°)
134
52𝜊

Table 4.15 Slope of the critical state line, M for unreinforced, fibre reinforced, and fibre
reinforced cemented Toyoura sand from CID compression tests
At critical state
C0F0M0
𝜙

′

𝑐𝑠

(°)

27.5

𝜊

C0F1M0
𝑀

1.09

𝜙

′

𝑐𝑠

(°)

34

𝜊

C0F3M0
𝑀

1.37

𝜙

′

𝑐𝑠

𝑀

(°)

36.5

C3F1M0

𝜊

1.48

𝜙

′

𝑐𝑠

(°)

39

𝜊

C3F3M0
𝑀

1.59

𝜙

′

𝑐𝑠

(°)

43.5

𝜊

𝑀
1.78

Table 4.16 summarizes the magnitudes of the peak strength parameters (𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 )
obtained from the drained extension tests on specimens. The peak strength parameters
slightly increase with the addition of fibre and cement. For example, for the 3% fibre and
3% cement (C3F3M0), the peak cohesion intercept increases by 46%. In addition, the
peak frictional angle increases by almost 35%, and frictional angle at high axial strain
increases by 59%. Moreover, even for 1% fibre reinforcement (C0F1M0), the increase in
peak cohesion intercept is approximately 10%. Furthermore, peak frictional angle
increases by 7%, and frictional angle at high strain increases by 11%. Hence, it is shown
that the contribution of fibre and cement additives to the strength of pure Toyoura sand in
extension tests are not as noticeable compared to the tests performed with compression
loading conditions. Similar results and findings were also reported for fibre reinforced
Hostun sand (Diambra, 2010; Ibraim et al., 2012; Diambra and Ibraim, 2015). Table 4.17
summarizes the results of critical state friction angle (𝜙 ′ 𝑐𝑠 ) and slope of the critical state
line (M) obtained from CID extension tests.
The difference between the critical state friction angles for pure sand and reinforced sand
obtained from CIU and CID compression tests range from 18-20%. For extension tests,
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the difference is 9-23% for pure sand and reinforced sand, respectively. Similar results
and findings have also been reported for fibre reinforced Hostun RF (S28) sand,
(Diambra, 2010) and fibre reinforced cemented Toyoura sand (Nakamichi, 2013).
Table 4.16 Mohr-Coulomb strength parameters, 𝑐 ′ 𝑝 and 𝜙 ′ 𝑝 , for unreinforced, fibre
reinforced, and fibre reinforced cemented Toyoura sand from CID extension tests
C0F0M0
𝑐 ′ (kPa)
𝜙 ′ (°)
0
29.5𝜊

C0F1M0
𝑐 ′ (kPa)
𝜙 ′ (°)
10
31.5𝜊

At peak
C0F3M0
𝑐 ′ (kPa)
𝜙 ′ (°)
19
34.8𝜊

C3F1M0
𝑐 ′ (kPa)
𝜙 ′ (°)
23
35.4𝜊

C3F3M0
𝑐 ′ (kPa)
𝜙 ′ (°)
46
39.8𝜊

Table 4.17 Slope of the critical state line, 𝑀 for unreinforced, fibre reinforced, and fibre
reinforced cemented Toyoura sand from CID extension tests
C0F0M0
𝜙 ′ 𝑐𝑠 (°)
𝑀
0.61
19.8𝜊

C0F1M0
𝜙 ′ 𝑐𝑠 (°)
𝑀
0.66
22𝜊

At critical state
C0F3M0
𝜙 ′ 𝑐𝑠 (°)
𝑀
0.75
25.2𝜊

(a)
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C3F1M0
𝜙 ′ 𝑐𝑠 (°)
𝑀
0.71
23.8𝜊

C3F3M0
𝜙 ′ 𝑐𝑠 (°)
𝑀
0.77
26.5𝜊

(b)

(c)
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(d)

(e)

139

(f)
Figure 4.16 Strength parameters for unreinforced, fibre, and fibre reinforced cemented
Toyoura sand from CID tests
Tables 4.15 and 4.17 summarize, and Figure 4.17 shows the slope of the critical state line
obtained from the drained tests performed on the unreinforced, fibre reinforced, and fibre
reinforced cemented Toyoura sand specimens. The slope of the critical state line
significantly increases with the addition of fibre and cement.

(a)
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(b)

(c)
Figure 4.17 Slope of the critical state line from CID tests for unreinforced, fibre, and fibre
reinforced cemented Toyoura sand specimens
Figures 4.18a-b show the peak frictional angle versus state parameter from the CID
compression and extension tests. It can be seen in Figure 4.18a (compression tests) that
the pure Toyoura sand has a peak frictional angle of 34°, fibre reinforced specimens have
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a peak frictional angle of approximately 40-44°, and fibre reinforced cemented specimens
have a peak frictional angle of approximately 46-52°. The state parameter for pure sand is
approximately -0.032 to -0.045, -0.032 to -0.065 for fibre reinforced sand, and -0.050.075 for the fibre reinforced cemented specimens. It can also be observed in Figure
4.18b (extension tests) that the pure Toyoura sand has a peak frictional angle of 28°, fibre
reinforced specimens have a peak frictional angle of approximately 30-33°, and fibre
reinforced cemented specimens have a peak frictional angle of approximately 34-39°. In
addition, the state parameter for pure sand is approximately -0.015 to -0.04, -0.01 to -0.04
for fibre reinforced sand, and -0.015-0.065 for fibre reinforced cemented specimens.
Overall, the Figures 4.18a-b show that the peak frictional angle increases, and state
parameter decreases with the inclusion of fibre and cement additives.

3% fibre + 3% cement
3% fibre + 1% cement
3% fibre
1% fibre
Pure sand

(a) Compression Tests
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3% fibre + 3% cement
3% fibre

3% fibre + 1% cement

1% fibre

Pure sand

(b) Extension Tests
Figure 4.18 Peak frictional angle vs state parameter from CID compression and extension
tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand specimens
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4.4 Summary
The focus of this chapter was to create a database for the calibration of the constitutive
model and investigate the effect of fibre and cement additives on the mechanical
behaviour of Toyoura sand subjected to compression and extension loading conditions.
The effects of fibre (0-3%) and cement (0-3%) additives, on poorly graded, uniform
Toyoura sand were examined individually and in combination under consolidated
undrained and drained conditions.
In general, the compression test results show the behaviour of medium dense sands with
an increasing peak and stiffness with increasing pressure and experience a gradual
decrease from peak to post-peak strength. In addition, cemented, and fibre reinforced
cemented specimens show relatively stiffer response compared to the pure Toyoura sand
specimens, and slightly post-peak strain hardening type behaviour for the majority of the
tested specimens. Furthermore, it is found that the peak deviatoric stresses have been
noticeably increased by the inclusion of fibres and cement additives.
The increase in shear strength and stress ratios were much reduced for extension loading
conditions. It was observed that the fibre and cement alone were least effective in
extension loading, but the strength of pure Toyoura sand was reasonably improved by the
combination of fibre and cement additives with slightly higher percentages of fibre and
cement.
The significant increases in the shear strength of fibre reinforced sand are likely to be due
to the crossing of randomly distributed fibres through the plane of shear failure and
increase in mobilized tensile resistance due to the distortion of fibres during the shearing
stage. It appears that the fibres have a significant ability to withstand tension within the
sand matrix without breakage or plastic deformations. In addition, the combination of
angular to sub-angular shape of Toyoura sand particles and roughness of PVA fibres
(e.g., micro-striations) might also be attributed to the enhanced fibre reinforced sand
behavior. Hence, the strength increases in sand-fibre composites are likely to be due to
the frictional interaction between particles and fibres (e.g., interlocking) and the
mobilized tensile resistance due to fibre modulus.
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Additionally, artificial cementation further enhances the strength and stiffness of
unreinforced and fibre reinforced sand due to the increase in inter-particle cohesion,
formation of highly interlocked clusters, and much improved bonding and friction
between the fibres and sand particles. The inclusion of randomly oriented fibres into
artificially cemented sands caused a significant increase in both friction angle and
cohesion, as well as in compressive strengths for such specimens. Hence, a fibre
reinforced cemented sand can sustain a stress even after the debonding or failure of a
cemented sand and thus, can effectively improve the brittle behavior of the cemented
sand. The stress ratio (𝜼 = 𝒒/𝒑′) for peak and critical states increased with the increase
in fibre and cement additives.
Moreover, the secant modulus was least affected by only fibre additives, but significantly
increased for cemented and fibre reinforced cemented specimens. The fibre and cement
additives also increased the strength parameters (frictional angle, cohesion), dilatancy
angle, slope of the critical state line, and decreased the state parameter of pure Toyoura
sand.
The type and percentage of the fibre and cement additives were chosen based on
economic considerations for their field application. The observed improvements in the
mechanical response of these amended materials (e.g., despite the short curing times, 03% fibre and cement contents) suggests that this may be a viable strengthening method
for dredged soils, disaster wastes and reclaimed land.
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5

Chapter 5: Supplementary Studies for the Research
Program

During the execution of the research in this thesis, it was noted that there are other
aspects of the testing that may affect the mechanical response of the unreinforced and
reinforced Toyoura sand specimens. Hence, several additional studies were performed to
supplement the work and provide further understanding of the effect of these parameters
on the behaviour of the tested materials.

5.1 Study A: Effect of Back Pressure on the Undrained
Shear Strength
To ensure full saturation of the test specimens and dissolve the air present in the soil,
back pressure is commonly applied to saturate single element test specimens. Several
researchers have performed research (e.g. Ladd, 1974; Vaid et. al., 1999; Yamamura et.
al., 2004) on the effect of back pressure used for pure sands, but only limited research has
been conducted on the response of composite materials. The following testing series was
designed to investigate this phenomenon in greater detail.

5.1.1

Testing Overview

A series of isotropically consolidated undrained (CIU) compression tests were performed
on unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens to
evaluate the effect of the back pressure. Samples with dimensions of 50 mm diameter and
height of 100 mm were prepared to a target dry density value (e.g., 𝜌𝑑 = 1.489 g/cm3)
using Toyoura sand mixtures and the under-compaction moist tamping technique (Ladd,
1978). Unreinforced, fibre, cemented, and fibre reinforced cemented sand samples were
prepared and mixed to 10 percent of water content by dry mass of soil. Table 5.1
summarizes the testing program used in this sub-study.
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Table 5.1 Testing program for the effect of back pressure on the undrained shear strength
of unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
Test
No.

Test ID

Back Pressure
(kPa)

Mean effective
stress
(p') (kPa)

Cement
Content
(%)

Fibres
Content
(%)

Silt
Content
(%)

Test
Type
C/E

Pure Sand
1.

CU-C0F0M0

200

100

0

0

0

C

2.

CU-C0F0M0

320

100

0

0

0

C

3.

CU-C0F0M0

400

100

0

0

0

C

4.

CU-C0F0.5M0

200

100

0

0.5

0

C

5.

CU-C0F0.5M0

320

100

0

0.5

0

C

6.

CU-C0F0.5M0

400

100

0

0.5

0

C

7.

CU-C0F1M0

200

100

0

1

0

C

8.

CU-C0F1M0

320

100

0

1

0

C

9.

CU-C0F1M0

400

100

0

1

0

C

10.

CU-C0F3M0

200

100

0

3

0

C

11.

CU-C0F3M0

320

100

0

3

0

C

12.

CU-C0F3M0

400

100

0

3

0

C

Fibre Only

Cement Only
13.

CU-C3F0M0

200

100

3

0

0

C

14.

CU-C3F0M0

320

100

3

0

0

C

15.

CU-C3F0M0

400

100

3

0

0

C

Cement and Fibre
16.

CU-C3F3M0

200

100

3

3

0

C

17.

CU-C3F3M0

320

100

3

3

0

C

18.

CU-C3F3M0

400

100

3

3

0

C

5.1.2

Results and Analysis

Several researchers (e.g. Lowe and Johnson, 1960; Akai, 1963; Brand, 1975; Donaghe
and Townsend, 1979; Allam and Sridharan, 1980) previously performed back pressure
investigations on sand and clay samples. The back pressure control technique has been
shown to influence the shear strength and pore-pressure response of soils (Allam and
Sridharan, 1980). However, a general consensus is lacking with regard to the results.
Lowe and Johnson (1960), performed undrained tests on uniform fine sand and reported
that specimens subjected to lower back pressures have a tendency to generate lower pore
water pressures and higher deviator stresses. In the current study, experimental tests were
performed on unreinforced, fibre reinforced, cement reinforced, and fibre reinforced
cemented Toyoura sand specimens at an effective consolidation stress of 100 kPa with
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different back pressures. Figures 5.1 (a-f) show deviator stress versus axial strain for
different materials with different back pressures. The figures generally show that by
increasing the value of the applied back pressure, the maximum deviator stress increases.
For the unreinforced and reinforced specimens, the increase in peak and critical state
strength is approximately 20-50%. However, it is observed for cemented and fibre
reinforced cemented sand specimens with higher fibre content (3%), a more limited
increase occurs for the strength at critical state.
Figure 5.2 shows the effect of back pressure on the excess pore pressures for the same
tests. The figures show that as the applied back pressure increases, larger negative pore
water pressures are observed. Allam and Sridharan (1980), reported that in soils that tend
to dilate during shear, the pre-stressing effect of back pressure on the pore water is to
further increase the degree of saturation by dissolving any air; thus, the pore water can
withstand larger tensions without cavitation. The larger negative pore water pressures
result in greater effective stresses and hence greater shearing resistance. Two mechanisms
were identified as governing the influence of the back pressure technique on the shear
strength of saturated soils. Mechanism A, applicable to soils that tend to compress during
shear and results in larger positive pore water pressures and in lower shear strengths.
Mechanism B, applicable to soils that dilate and yields larger negative pore water
pressures and larger shear strengths. The results reported in this study agree well with
mechanism B proposed by Allam and Sridharan (1980).
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(a) Pure Sand

(b) 0.5% Fibre

149

(c) 1% Fibre

(d) 3% fibre

150

(e) 3% cement

(f) 3% fibre and 3% cement
Figure 5.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU compression
tests for unreinforced, cement, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens consolidated to 100 kPa mean effective stress for varying back pressures
For the unreinforced Toyoura sand, subjected to lower back pressures (200 kPa and 320
kPa) and higher back pressures (e.g. 400 kPa), the specimens developed positive pore
water pressures from 40 kPa to 50 kPa. Figure 5.2 shows that specimens saturated under
lower back pressures generate lower negative pore pressures and for higher back
pressures, generate higher negative pore water pressures. This increase in the generation
of larger negative pressure of 50% to 100%, increases the effective stresses and

151

eventually increases the undrained shear strength of both unreinforced and reinforced
sand specimens by 20% to 50%. Similar increase in negative pressure was also observed
for the fibre, cement, and fibre reinforced cemented specimens.
The results obtained from this investigation have been generally found to be in good
agreement with the findings of two previous research studies (Akai, 1963; Allam and
Sridharan, 1980). However, these results do not conform to the results and investigations
of other earlier studies (Lowe and Johnson, 1960; Brand, 1965).
One interesting feature of the data is the significance of the kink in stress-strain and pore
water pressure response. In the laboratory, back pressure is used to prevent cavitation and
to make accurate pore pressure measurements possible during consolidated undrained
tests, but cavitation is nevertheless possible. For dilative soils (e.g., medium dense sand,
fibre, cement, and fibre reinforced cemented sand), pore pressure increases and then
decreases during undrained shearing. When the pore pressure during shear drops below
the back pressure used to back pressure saturate the sample (e.g., 320 kPa), air dissolved
in the pore water starts dropping out of solution. This would correspond to a condition of
zero net change in pore pressure during shear. The point of zero net change in pore
pressure during shear/cavitation might be a possible reason for the kinks observed in
stress-strain and pore pressure response, for example seen in Figure 5.1 (a).

kink

(a) Pure Sand
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(b) 0.5% Fibre

(c) 1% Fibre

(d) 3% Fibre
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(e) 3% Cement

(f) 3% Fibre and 3% Cement
Figure 5.2 Excess pore pressure (∆𝑢) vs axial strain (𝜀𝑎 ) curves from CIU compression
tests for unreinforced, cement, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens for varying back pressures
One solution to these problems caused by cavitation is to use back pressure values higher
than that needed to achieve full saturation, [e.g., 550 kPa (Brandon et. al., 2005), 750 kPa
(Baxter et. al., 2011), and 1000 kPa (Ismail et. al., 2002)], thus providing the possibility
for pore pressures to decrease further without cavitation. Hence, when cavitation
happens, shear does not occur at constant volume. These changes in volume in
supposedly undrained test conditions can have a dramatic effect on the behavior, and
potentially result in large amounts of scatter in test results (Brandon et. al., 2006). The
significance of this kink in stress-strain and pore water pressure response due to
cavitation in dilative soils would be an inaccurate determination of failure in undrained
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triaxial tests. Moreover, large negative excess pore pressures (e.g., -550, -750, and -1000
kPa) are generated at relatively large strains for dilative soils (e.g., cemented sand) in
undrained tests, which results in gas coming out of solution during shear and significant
variability in the measured peak deviator stress (Baxter et. al., 2011).
Further results shown in Appendix C indicate that the slope of the stress paths at critical
state remains similar and the magnitude of back pressure has a negligible effect on the
slope of the critical state line for the tested materials. However, it can be seen that by
increasing the value of the applied back pressure, the maximum deviator stress and mean
effective stress at critical state increases by approximately 20-50%.
The current sub-study highlights the limitations related to selection of peak deviator
stress as a failure criterion for dilative soils from consolidated undrained triaxial tests.
The objective of this study was to evaluate the effect of different back pressures on the
undrained shear strength of dilative soils (e.g., dense sand, fibre, cemented, and fibre
reinforced cemented sand), and to explain the differences between strengths obtained
from undrained tests. This study area is interesting fundamental research for geotechnical
laboratory testing and has the potential for further study in greater depth. Hence, to avoid
any significant effects of back pressure, it is suggested that dilative soils should be
saturated under an applied back pressure in excess of 300 kPa. In this thesis, the majority
of the tests reported in Chapters 4 and 5 were performed with an initial back pressure of
320 kPa (which provided a compromise between magnitude and the limits of the GDS
system).

5.1.3

Summary

In this sub-study, a series of consolidated undrained (CIU) compression tests were
performed on unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens to evaluate the effect of the back pressure magnitudes. It was shown that by
increasing the value of the applied back pressure, the maximum deviator stress increases.
However, it was observed that for cemented and fibre reinforced cemented sand
specimens with higher fibre contents (3%), limited increase occurs for the strength at
critical state. In addition, it was shown that specimens saturated under lower back
pressures generate lower negative pore pressures (i.e. cavitation occurs) and when
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subjected to higher back pressures, generate higher negative pore water pressures (i.e.
providing the possibility for pore pressures to decrease further without cavitation). The
increase in strength of the dilative (e.g., unreinforced and reinforced) specimens with
increase in the initial back pressure value might be due to changes in surface contact and
irregular multi-plane faces/shapes of sand particles (Allam and Sridharan, 1980).
Furthermore, specimens subjected to different back pressures change the value, direction,
action, and transfer mechanism of the inter-particle forces. Further results shown indicate
that the slope of the stress paths at critical state remain similar and the magnitude of back
pressure has a negligible effect on the slope of the critical state line for the tested
materials. To avoid any significant effects of back pressure, it is suggested that
unreinforced and reinforced specimens should be saturated under an applied back
pressure in excess of 300 kPa.

5.2 Study B: Effect of Curing Duration on the Drained
Shear Strength of Fibre Reinforced Cemented Samples
In recent years, practising engineers have employed different mixtures of soil, cement
and fibres to enhance the strength and stability of soils. Loose and medium dense sands
have both been reinforced with fibres and mixed with various cementitious agents
(Kaniraj and Javanagi, 2001; Tang et. al., 2007; Consoli et. al., 1998; 2002, 2009; Marri,
2010; Salah-ud-din, 2012). This soil improvement technique is now being utilized for an
ever-widening range of geotechnical projects from the construction of subgrades for
highways, railway tracks ballasts, to the construction of foundations in soils with poor
bearing capacities. In the last few decades, a number of shallow and deep mixing
techniques have also been developed and these are now extensively used in Japan and the
United States. These methods are utilised to enhance the mechanical properties of soil in
a cost effective, viable and more environmental friendly manner. In this part of thesis
research, the effect of curing duration has been investigated on unreinforced and fibre
reinforced cemented Toyoura sand specimens by performing consolidated drained triaxial
tests in compression.
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5.2.1

Testing Overview

A series of isotropically consolidated drained (CID) compression tests were performed on
unreinforced and reinforced Toyoura sand specimens. Specimens were cured for 3, 7, 14,
28, 56 days, with cement contents of 0-3%, and different fibre contents of 0, 0.5, 1, 2, and
3%. Samples were prepared to a target dry density value (e.g., 𝜌𝑑 = 1.489 g/cm3) of
Toyoura sand using under-compaction moist tamping technique (Ladd, 1978) with 10
percent water content by dry mass of soil. Table 5.2 summarizes the testing program used
to evaluate the effect of curing duration on the mechanical behaviour, consolidated to 100
kPa effective stress, a standard curing duration of 3 days was used in Chapter 4 and this
study provides a comparison with this benchmark curing period.
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Table 5.2 Testing program for the effect of fibre and curing duration on the drained shear
strength of unreinforced, cement, and fibre reinforced cemented Toyoura sand
Test No.

Test ID

Mean effective
stress
(p') (kPa)

Curing
duration
(days)

Cement
Content
(%)

Fibres
Content
(%)

Silt
Content
(%)

Test
Type
C/E

0

0

0

C

3

3

0

0

C

Pure Sand
1.

CD-C0F0M0-0D

0

100

Cement Only
2.

CD-C3F0M0-3D

100

3.

CD-C3F0M0-7D

100

7

3

0

0

C

4.

CD-C3F0M0-14D

100

14

3

0

0

C

5.

CD-C3F0M0-28D

100

28

3

0

0

C

6.

CD-C3F0M0-56D

100

56

3

0

0

C

3

3

0.5

0

C

Cement and Fibre
7.

CD-C3F0.5M0-3D

100

8.

CD-C3F0.5M0-7D

100

7

3

0.5

0

C

9.

CD-C3F0.5M0-14D

100

14

3

0.5

0

C

10.

CD-C3F0.5M0-28D

100

28

3

0.5

0

C

11.

CD-C3F0.5M0-56D

100

56

3

0.5

0

C

12.

CD-C3F1M0-3D

100

3

3

1.0

0

C

13.

CD-C3F1M0-7D

100

7

3

1.0

0

C

14.

CD-C3F1M0-14D

100

14

3

1.0

0

C

15.

CD-C3F1M0-28D

100

28

3

1.0

0

C

16.

CD-C3F1M0-56D

100

56

3

1.0

0

C

17.

CD-C3F2M0-3D

100

3

3

2.0

0

C

18.

CD-C3F2M0-7D

100

7

3

2.0

0

C

19.

CD-C3F2M0-14D

100

14

3

2.0

0

C

20.

CD-C3F2M0-28D

100

28

3

2.0

0

C

21.

CD-C3F2M0-56D

100

56

3

2.0

0

C

22.

CD-C3F3M0-3D

100

3

3

3.0

0

C

23.

CD-C3F3M0-7D

100

7

3

3.0

0

C

24.

CD-C3F3M0-14D

100

14

3

3.0

0

C

25.

CD-C3F3M0-28D

100

28

3

3.0

0

C

26.

CD-C3F3M0-56D

100

56

3

3.0

0

C

5.2.2

Stress-Strain Response

The stress-strain results of the CID compression tests for curing durations (0-56 days) are
plotted in Figure 5.3 and Appendix Q shows the failure patterns of the same specimens.
The stress-strain behaviour of the fibre reinforced cemented specimens shows initially
stiff, and apparently linear responses up to a well-defined yield point compared to the
unreinforced soils, beyond which the soil suffered increasing plastic deformations until
failure. In addition to these observations, it is shown that, as the curing duration
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increases, the peak strength significantly increases, but with noticeably more brittle
behaviour. For example, for 3% fibre and 3% cement reinforced Toyoura sand specimens
(C3F3M0), cured for 3 days, the peak and ultimate strength increases by 117% and
120%, respectively. However, the same specimen when cured for 56 days, shows a
significant increase in the strength of the reinforced soil, the peak and strength at critical
state increases by 636% and 170%, respectively. However, it can be observed in Figure
5.3 that increases in the strength at critical state is suppressed by the increase in
brittleness of the specimens.
Figure 5.4 shows the peak deviatoric stress with curing duration for cemented and fibre
reinforced cemented sand. The results of these tests have also been summarized in Table
5.3. Results show that peak strength increases due to increase in curing duration by
approximately 50-700%, and 0-300% in critical state strength, compared to Toyoura
sand.

(a) 3% Cement and 0% Fibre
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(b) 3% Cement and 0.5% Fibre

(c) 3% Cement and 1% Fibre

(d) 3% Cement and 2% Fibre
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(e) 3% Cement and 3% Fibre

Figure 5.3 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
tests for unreinforced, cement, and fibre reinforced cemented Toyoura sand specimens
consolidated to 100 kPa mean effective stress at varying fibre content (0%, 0.5%, 1%,
2%, and 3%), and curing duration (7-56 days)
Table 5.3 Peak and deviatoric strength at critical state from CID compression tests for
unreinforced, cemented, and fibre reinforced cemented Toyoura sand specimens
Curing
duration
(days)

C0F0M0

C3F0M0

C3F0.5M0

C3F1M0

C3F2M0

C3F3M0

qpk
(kPa)

qcs
(kPa)

qpk
(kPa)

qcs
(kPa)

qpk
(kPa)

qcs
(kPa)

qpk
(kPa)

qcs
(kPa)

qpk
(kPa)

qcs
(kPa)

qpk
(kPa)

qcs
(kPa)

3

266

214

297

194

422

242

473

368

543

403

613

441

7

266

214

532

226

548

263

633

306

829

355

1009

437

14

266

214

694

267

707

342

780

417

1066

481

1585

554

28

266

214

835

280

908

411

1036

452

1303

391

1785

946

56

266

214

902

332

903

333

1117

449

1358

344

2090

582
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(a)

(b)
Figure 5.4 Deviatoric strength from CID compression tests for unreinforced, cement, and
fibre reinforced cemented Toyoura sand specimens
Brittleness index (IB) is a parameter that has been used to provide a measure of ductility
in specimens due to the increase in fibre concentration. The most important advantage of
fibre reinforcement when applied to cemented soil is the improvement in ductility
(Consoli et. al., 2002). A measure of this kind of behaviour is provided by the brittleness
index (IB) defined by:
𝐼𝐵 =
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𝑞𝑝𝑒𝑎𝑘
−1
𝑞𝑐𝑠

5.13

Figure 5.5 shows that the brittleness index increases with increase in curing duration.
However, it can be seen that brittleness of the cemented specimens reinforced with 0.5%1% fibres have been supressed significantly compared to the higher concentrations of
fibre (2-3%). Hence, it shows that there might be a threshold fibre concentration range
(0.5%-1%), where fibres are considered to be the most effective and beyond this
concentration, fibre causes further adverse effects. Similar results and findings have been
reported by previous researchers (e.g., Consoli et. al., 2002).

Figure 5.5 Brittleness index (IB) values from CID compression tests for unreinforced,
cement, and fibre reinforced cemented Toyoura sand specimens

5.2.3

Volumetric Strain Response

The volumetric-axial strain behaviour of the fibre reinforced cemented Toyoura sand
(Figure 5.6) shows an initial compression followed by expansion (dilation), with the
maximum dilation rate taking place immediately after the peak strength. Subsequently,
the dilation rate decreased as the soil reached the critical state, as seen in Figures 5.6-7. It
has been shown that the peak dilatancy angle of cemented specimens is the greatest in
most of the tests conducted. The results of peak dilatancy angle from unreinforced,
cement, and fibre reinforced cemented sands have been summarized in Table 5.4. The
mobilized angle of dilatancy for triaxial conditions (Figure 5.7) is defined as the inverse
tangent of the ratio of incremental volumetric and axial strains and calculated using
Equation 4.3 (Diambra, 2010).

163

(a) 3% Cement and 0% Fibre

(b) 3% Cement and 0.5% Fibre

(c) 3% Cement and 1% Fibre
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(d) 3% Cement and 2% Fibre

(e) 3% Cement and 3% Fibre
Figure 5.6 Volumetric strain (𝜀𝑣 ) vs axial strain (𝜀𝑎 ) curves from CID tests for
unreinforced, cement, and fibre reinforced cemented Toyoura sand specimens
consolidated to 100 kPa mean effective stress at varying fibre content, and varying curing
duration
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(a) 3% Cement and 0% Fibre

(b) 3% Cement and 0.5% Fibre

(c) 3% Cement and 1% Fibre
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(d) 3% Cement and 2% Fibre

(e) 3% Cement and 3% Fibre

Figure 5.7 Dilatancy angle (𝛹) vs axial strain (𝜀𝑎 ) curves from CID tests for
unreinforced, cement, and fibre reinforced cemented Toyoura sand specimens
consolidated to 100 kPa at varying fibre content, and varying curing duration
Table 5.4 Peak dilatancy angles from CID compression tests for unreinforced, cement
reinforced, and fibre reinforced cemented Toyoura sand specimens
Curing duration
(days)

C0F0M0

C3F0M0

C3F0.5M0

C3F1M0

C3F2M0

C3F3M0

3

𝛹 p(°)
10.7

𝛹 p(°)
17.5

𝛹 p(°)
19.3

𝛹 p(°)
13.5

𝛹 p(°)
14.9

𝛹 p(°)
16.3

7

10.7

37.6

31.2

29.7

29.6

29.8

14

10.7

40.6

35.5

30.8

34.8

27.0

28

10.7

48.8

39.5

33.5

34.0

30.9

56

10.7

33.1

27.7

39.6

37.6

31.5
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Overall, the fibre reinforced cemented Toyoura sand specimens, when cured for 3 days
developed very small positive volumetric strain (compression) reaching 0.4% to 0.6%. In
addition, fibre reinforced cemented Toyoura sand specimens, when cured for 56 days
developed higher positive volumetric strains (compression) in the range of 1.0% to 1.5%.
The difference in volumetric strain for unreinforced and reinforced specimens was found
to be approximately 5.26%, when cured for 3 days. However, this difference significantly
increases for reinforced specimens cured for 56 days, the difference in volumetric strain
is in the range of 100% to 115%. Hence, for reinforced specimens there is an increase in
volumetric strain with increasing curing duration or in other words, the rate of dilation
increases with the increase in curing period. The dilatancy behaviour increases due to the
addition of fibres and cement this dilative behaviour has been attributed to cemented
particles forming highly interlocked clusters. The results presented here are generally in
close agreement with the results presented by previous researchers (Diambra, 2010;
Marri, 2010; Salah-ud-din, 2012).

5.2.4

Stress Paths

The stress path results of the unreinforced, cement, and fibre reinforced cemented
specimens plotted in deviator stress versus mean effective stress space are shown in
Appendix D and indicate that curing duration affects the stress path of the fibre
reinforced specimens, increase in curing duration moves the effective stress path upward,
as a result, increases the peak deviator stress, during consolidated drained triaxial
compression tests.

5.2.5

Summary

In this sub-study, a series of consolidated drained (CID) compression tests were
performed on unreinforced and reinforced Toyoura sand specimens. Specimens were
cured for 3, 7, 14, 28, 56 days, with cement contents of 0-3%, and different fibre contents
of 0, 0.5, 1, 2, and 3%. The stress-strain behaviour of the fibre reinforced cemented
specimens shows initially stiff, and apparently linear responses up to a well-defined yield
point compared to the unreinforced soils, beyond which the soil suffered increasing
plastic deformations until failure. In addition to these observations, it is shown that, as the
curing duration increases, the peak strength significantly increases, but with noticeably
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more brittle behaviour. As for the volumetric response, the fibre reinforced cemented
specimens show an initial compression followed by a strong expansion (dilation) with the
maximum dilation rate taking place right after the peak strength. Subsequently, the
dilation rate decreases as the soil approaches an assumed critical state condition. Finally,
brittleness index increases with increase in curing duration. However, brittleness of the
cemented specimens reinforced with 0.5-1% fibres have been supressed significantly
compared to the higher concentrations of fibre (2-3%). Hence, the results show that there
might be a threshold fibre concentration range (0.5-1%), in which fibres are considered to
be the most effective and beyond this concentration, fibre causes further adverse effects.
Overall, sand-cement-fibre composites have been observed to be more effective when
specimens are cured for longer durations. These findings are likely to be due to a better
contact between the sand-cement-fibre matrix bonding, and cement hydration due to a
longer curing period. The cement not only bonds particles together (with some sand
particles completely surrounded by the cement) but also fills some of the pores as
inclusions. Specimens cured for only 3 days, show an absence of significant and
noticeable peak. However, it has been shown that a larger well-defined peak is observed
when specimens are cured for 7 to 56 days. The dilatancy behaviour increases due to the
addition of fibres and cement. This dilative behaviour has been attributed to cemented
particles forming highly interlocked clusters. The results presented here are generally in
close agreement with the results presented by previous researchers (e.g., Coop and
Atkinson, 1993; Consoli et. al., 1998, 2009; Wang and Leung, 2008).

5.3 Study C: Effect of Silt Content on the Undrained Shear
Strength of Unreinforced and Reinforced Samples
In this sub-study, the effect of non-plastic silt content has been investigated on the
behaviour of the unreinforced and fibre reinforced cemented Toyoura sand specimens by
performing consolidated undrained triaxial tests in compression. The silty sand soils in
the Tokyo Bay region are extremely susceptible to liquefaction, and the stabilization of
these soils provides the basis for experimentation in this sub-study. Tests on samples of
pure Toyoura sand and higher concentrations of silica flour were previously performed to
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establish upper and lower bound conditions and explain the soil mixture behaviours with
respect to these bounds (Schmidt, 2015).

5.3.1

Testing Overview

A series of consolidated undrained (CIU) triaxial compression tests were performed on
unreinforced and fibre reinforced cemented Toyoura silty sand specimens consolidated at
100 kPa effective stress for evaluating the stress-strain, pore water pressure-strain and
stress path behaviour. Samples were prepared in the same manner as the previous studies
(in respect to dry density, moisture content, size, and curing duration). All samples were
again consolidated to 100 kPa.
Table 5.5 Testing program for the effect of silt content on the undrained shear strength of
unreinforced and fibre reinforced cemented Toyoura silty sand
Test No.

Test ID

Mean effective stress
(p') (kPa)

Cement
Content
(%)

Fibres
Content
(%)

Silt
Content
(%)

Test
Type
C/E

Pure Sand
1.

CU-C0F0M0-100

100

0

0

0

C

Silt Only
2.

CU-C0F0M10.5-100

100

0

0

10.5

C

3.

CU-C0F0M21-100

100

0

0

21

C

4.

CU-C0F0M28-100

100

0

0

28

C

5.

CU-C0F0M42-100

100

0

0

42

C

6.

CU-C0F0M75-100

100

0

0

75

C

Cement, Fibre, and Silt
7.

CU-C3F3M10.5-100

100

3

3

10.5

C

8.

CU-C3F3M21-100

100

3

3

21

C

9.

CU-C3F3M28-100

100

3

3

28

C

10.

CU-C3F3M42-100

100

3

3

42

C

11.

CU-C3F3M75-100

100

3

3

75

C

12.

CU-C3F3M94-100

100

3

3

94

C

Table 5.5 summarizes the testing program used to evaluate the effect of silt content on the
mechanical behaviour of unreinforced and fibre reinforced cemented Toyoura silty sand
in undrained triaxial compression loading conditions. Reinforced specimens have been
prepared with pure soil, 3% fibre and 3% cement content with varying silt contents (0%,
10.5%, 21%, 28%, 42%, 75%).
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5.3.2

Stress-Strain Response

Figure 5.8 shows the results of unreinforced and cemented Toyoura silty sand specimens.
Stress-strain results indicate that the undrained strength is dependent on the percentage of
silt, fibre and cement content. For example, 10.5% silt content reduces the strength of
pure Toyoura sand by approximately 130%. However, when 3% fibre, 3% cement, and
10.5% silt is mixed with pure Toyoura sand, the strength of the composite soil increases
by approximately 78%. Fibre and cement additives in Toyoura silty sand enhances the
undrained shear strength of the soils, by reducing the occurrence of shearing planes and
improving frictional resistance in the sand-fibre-cement-silt matrix. Further increase in
non-plastic silt content, significantly reduces the strength of pure Toyoura sand in
undrained shearing.

(a) Pure Sand and Silt
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(b) 3% Cement, 3% Fibre, and Silt
Figure 5.8 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU compression
tests for unreinforced and fibre reinforced cemented Toyoura silty sand specimens at
varying silt content
For 28% silt content there is a significant reduction in the strength of pure Toyoura sand.
However, when 3% fibre, 3% cement, and 28% silt is mixed with pure Toyoura sand, the
strength of the composite soil increases by approximately 20%. Unreinforced silty sand
shows strain softening behaviour (flow or static liquefaction), but fibre reinforced
cemented Toyoura silty sand shows strain-hardening behaviour. Overall, the
effectiveness of the cement and fibre additives were found for all silt contents. However,
the most noticeable strength increase is obtained for the 28% threshold silt content.

5.3.3

Pore Pressure Response

Figure 5.9 shows the results of pore water pressure generation during the undrained
shearing of unreinforced and reinforced Toyoura silty sand specimens. In the majority of
the silty sand samples (e.g. silt content > 10.5%), excess pore water pressure quickly
increases to 100-110 kPa, which indicates continuing compression (contraction) of
specimens during undrained shearing. However, the results also show that compression
(contraction) is found to be supressed by the inclusion of 3% cement and 3% fibres, and
generation of higher negative pore water pressures, which in turn, increases the effective
stresses and ultimately the strength of reinforced Toyoura silty sand.
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(a) Pure Sand and Silt

(b) 3% Cement, 3% Fibre, Silt
Figure 5.9 Excess pore pressure (∆𝒖) vs axial strain (𝜺𝒂 ) curves from CIU compression
tests for unreinforced and fibre reinforced cemented Toyoura silty sand specimens at
varying silt content
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5.3.4

Stress Paths

Figure 5.10 shows the stress paths of the Toyoura silty specimens plotted in deviator
stress versus mean effective stress space. The results indicate that silt content
significantly affects the stress path of fibre reinforced specimens; increase in silt content
moves the effective stress path to the left side (e.g., strain softening or flow or static
liquefaction), and as a result, decreases the peak deviator stress and effective stresses,
during consolidated undrained triaxial compression tests. Strain softening is noted after
shear failure, as illustrated in Figure 5.10. Figure 5.10 also depicts an interesting feature
that, when the silica flour content increases, the yield behaviour of the unreinforced and
reinforced cemented specimen changes. For example, the addition of 0-28% silica flour
leads to strain hardening behaviour, but above 28% silica a purely strain softening
response is found (Cubrinovski and Rees, 2008; Schmidt, 2015). Thus, overall, the
effectiveness of cement and fibres have been found to occur for all silt contents, but,
more noticeable increase in the slope of stress path is obtained up to the 28% threshold
silt content. The experimental results obtained from CIU triaxial compression tests agree
well with previous literature investigations by Cubrinovski and Rees, (2008) and
Schmidt, (2015).
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(a) Pure Sand and Silt

(b) Zoom of section of Fig. 5.10 (a)
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(c) 3% Cement, 3% Fibre, and Silt
Figure 5.10 Deviator stress (𝑞) vs mean effective stress (𝑝′) curves from CIU
compression tests for unreinforced and fibre reinforced cemented Toyoura silty sand
specimens at varying silt content
When silt fines (e.g., 21-42%) are present in clean sand, the sand’s behavior may be
significantly altered. A number of experimental studies (e.g., Lade and Yamamuro, 1997;
Murthy et. al., 2007) have provided data showing the effect of fines in undrained loading
conditions. Nevertheless, very diverse views exist on whether the effect of fines is
negative or positive for the shear strength and liquefaction potential of sand (Yang and
Wei, 2012). Concerns have arisen about the effectiveness of the usual void ratio in
characterizing the behavior of such mixed soils. Based on the hypothesis that fines may
roll into the voids formed by sand grains, and hence, make little contribution to the force
transfer mechanism (e.g., Mitchell, 1976), an index known as the skeleton void ratio was
used as an alternative to characterize the mixtures of sand and fines in several studies
(Kuerbis et. al., 1988; Chu and Leong, 2002; Yang et. al., 2015). The concentration of silt
at which this collapse mechanism initiates is related to the skeletal void ratio of the soil
(Schmidt, 2015). Based on skeletal void ratio calculations in Equation 5.2, at a silt
content of around 28% silica flour the Toyoura sand particles might no longer be in
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contact. The silty sand exists in a state that it could not achieve without the presence of
the fines (#200 sieve, <0.075mm) and is thus primarily supported by the silt matrix which
now dominates soil behaviour during shearing (Carraro et. al., 2003). The weakness of
the silt matrix is evident throughout all tests within this sub-study, and the clear transition
point around 28% silt addition for many tests can be partially explained by this structural
phenomenon.
𝑒𝑠𝑘 =

1+𝑒
−1
𝑀𝑓𝑖𝑛𝑒𝑠
1− 𝑀
𝑡𝑜𝑡𝑎𝑙

5.14

Where esk is the skeletal void ratio, e is the current void ratio, Mfines is the mass of soil
passing through the #200 sieve (0.075mm), and Mtotal is the total mass of solids in the
sample.

Note Please: At 100% silica content,
it is silica flour, not Toyoura Sand

Figure 5.11 Void ratio of Toyoura sand with varied percentages of silica flour (Modified
from Schmidt, 2015)
Figure 5.12 shows the variation of void ratios of the mixtures with varying silt contents.
It can be seen that the void ratio of Toyoura sand initially decreases with increasing silt
content, but addition of 28% silt content causes increase in void ratio. At approximately
that 28% silt content causes a transition point between sand and silt behaviour. Hence,
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28% non-plastic silt content can be considered a threshold fines content. It is a point
below which the soil structure is controlled by sand particles and above the threshold
limit, the soil behaves as a silt. The effect of silt content beyond 28% on stress-strain,
pore pressure, and stress-path behaviour is presented and discussed in detail (previously)
and further summarized below.

5.3.5

Summary

In this sub-study, a series of consolidated undrained (CIU) triaxial compression tests
were performed on unreinforced and fibre reinforced cemented Toyoura silty sand
specimens. Stress-strain results indicate that the undrained strength is dependent on the
percentage of silt, fibre and cement content. Unreinforced silty sand specimens show
strain softening behaviour (e.g., flow or static liquefaction), but fibre reinforced cemented
Toyoura silty sand shows strain-hardening behaviour. In addition, it has been shown that
when sands are mixed with non-plastic silts, unstable and compressible soil structures are
formed allowing for considerable volumetric strain upon initial collapse. This also helps
to explain the strain softening phenomenon in the silty sand. Overall, the effectiveness of
the cement and fibre additives were found for all silt contents. However, the most
noticeable strength increase is obtained around a 28% silt content. Further increase in
non-plastic silt content (beyond 28%), significantly reduces the strength of pure Toyoura
sand in undrained shearing.
The inclusion of fibre and cement in Toyoura silty sand enhances the undrained shear
strength of soils, by reducing the occurrence of shearing planes and improving frictional
resistance in the sand-fibre-cement-silt matrix. The collapsible nature of the silt negates
any major increase in porosity caused by the fibrous inclusions by filling the voids in the
Toyoura sand. The increase in non-plastic silt content, significantly reduces the strength
of pure Toyoura sand in undrained shearing, reaching a peak deviator stress of 50 to 60
kPa and a residual strength of 10-35 kPa as shown in Figure 5.9; similar conclusions have
been reported for Fraser River silt (Sanin, 2010) and Toyoura silty sand (Schmidt, 2015)
in previous studies.
Similar behaviour is also reported in the literature (Ishihara, 1993; Yamamuro and Lade,
1998; Rahman, 2015; Schmidt, 2015). It has been shown that when sands are mixed with
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non-plastic silts, unstable and compressible soil structures are formed allowing for
considerable volumetric strain upon initial collapse. This also helps to explain the strain
softening phenomenon (Yamamuro and Lade, 1998; Schmidt, 2015). In addition, flow
behavior exhibits deviatoric strain softening after a peak deviatoric stress is attained.
From a continuum mechanics point of view, undrained deviatoric strain softening (in
both flow and limited flow behavior) is a form of instability, when a soil element is
sheared to the strain softening state by the application of a stress trigger, the deviatoric
resistance will reduce to the residual or transient minimum value even if the trigger of
instability is removed. This means that if the ambient deviatoric stress (i.e., with the
stress trigger removed) is higher than the residual or minimum value, which may or may
not be non-zero, flow type deformation will occur, and this often is considered to be the
cause of static liquefaction (Rahman et. al., 2014).

5.4 Study D: Effect of Fibres and Cement Reinforcement on
the Compression Behaviour of Toyoura Sand
As seen in the earlier sections, there has been significant utilization of fibres in
geotechnical engineering, to improve the deformation and strength characteristics of
composite materials. However, limited studies are available in the literature related to the
compression characteristics of fibre reinforced cemented Toyoura sand. In this part of the
study, the effect of fibres and cement are investigated on the compression behaviour of
the unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand.

5.4.1

Testing Overview

A series of oedometer load-unload tests were performed on unreinforced, fibre, cement,
and fibre reinforced cemented Toyoura sand specimens for evaluating the compression
behaviour and to obtain 𝜆, 𝜅, and N values for the constitutive model. Table 5.6
summarizes the testing program used to evaluate the effect of fibres and cement content
on the compression behaviour of unreinforced, fibre, cement, and fibre reinforced
cemented Toyoura sand. Samples with dimensions of 50 mm in diameter and height of 15
mm were prepared in 1 layer to a target dry density value (e.g., 𝜌𝑑 = 1.40 g/cm3) of
Toyoura sand using moist tamping technique. Unreinforced, fibre, cemented, and fibre
reinforced cemented Toyoura sand samples were prepared and mixed to 10 percent of

179

water content by dry mass of soil. Cemented samples were again cured for 3 days. Nine
oedometer tests were performed according to the ASTM D2435-04 standard. These tests
were performed on a Wykeham Farrance Eng. Ltd. oedometer, using a Schaevitz 14.7
mm Linear Variable Displacement Transducer (LVDT) (S/N PCA 116-200) accurate to
0.2% of the full-scale output with a resolution of 0.001 mm. Specimens were left to
saturate for 24 hours prior to incremental stress increases (50, 100, 200, 400, 800, 1600,
1800, 800, 400, 200, 100, 50 kPa). Oedometer apparatus employed in this study was also
used in previous research study at Western University (Schmidt, 2015).
Table 5.6 Testing program for normal compression load-unload tests
Test ID

Cement
Content (%)

1.

NCL-C0F0M0

0

0

0

Test
Type
C/E
C

2.

NCL-C0F1M0

0

1

0

C

3.

NCL-C0F2M0

0

2

0

C

4.

NCL-C0F3M0

0

3

0

C

5.

NCL-C1F0M0

0

1

0

C

6.

NCL-C2F0M0

0

2

0

C

7.

NCL-C3F0M0

0

3

0

C

8.

NCL-C2F1M0

0

3

0

C

9.

NCL-C3F3M0

2

0

0

C

Test No.

5.4.2

Fibres Content
(%)

Silt
Content (%)

Test Results

The effect of fibre and cement content on the K0 normal compression line of
unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand are shown in
Figure 5.12. It shows that the path traced by the K0 normal compression line of fibre,
cement, and fibre reinforced cemented Toyoura sand specimens is different from that of
unreinforced Toyoura sand specimens. The addition of fibre or cement to the pure
Toyoura sand appears to have no appreciable effect on the slope of the K0 NCL but
increases in these additives moves it outside of the K0 NCL of unreinforced sand (Consoli
et. al., 2005; Pino and Baudet, 2015). For example, increase in cement content shifts the
NCL to the right. In addition, the intercept of the K0 NCL (N) increases by approximately
16%. The value of N for unreinforced sand is 2.38, and for 3% cement and 3% fibre
reinforced sand the intercept increases to 2.75. The insertion of fibres randomly into the
sand changes not only its shearing behavior but also its compression behavior. Two
distinct and parallel normal compression lines can be seen for the fibre-reinforced and
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unreinforced sand. For the fibre reinforced sample, the fibres might be extended and
broken, indicating that the fibres act in tension even when the sample is undergoing large
compressive volumetric strains and that the fibres suffer large plastic tensile deformations
before breaking (Consoli et. al., 2005).
Table 5.7 List of 𝝀, 𝜿, and N values for unreinforced, fibre, cement, and fibre reinforced
cemented Toyoura sand
Test No.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Test ID

𝜆

𝜅

N

NCL-C0F0M0
NCL-C0F1M0
NCL-C0F2M0
NCL-C0F3M0
NCL-C1F0M0
NCL-C2F0M0
NCL-C3F0M0
NCL-C2F1M0
NCL-C3F3M0

0.143
0.143
0.143
0.143
0.144
0.143
0.145
0.143
0.144

0.009
0.010
0.010
0.010
0.008
0.007
0.007
0.007
0.007

2.38
2.40
2.43
2.45
2.47
2.52
2.58
2.67
2.75

Sand+Fibre

Pure Toyoura Sand

(a) Pure Sand, and 1-3% Fibres
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Sand+Cement

Pure Toyoura Sand

(b) Pure Sand, and 1-3% Cement

Sand+Fibre+Cement

Pure Toyoura Sand

(c) Pure Sand, 2-3% Cement and 1-3% Fibres
Figure 5.12 K0 normal compression load-unload curves for unreinforced, fibre, cement,
and fibre reinforced cemented Toyoura sand
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5.4.3

Summary

In this sub-study, a series of one-dimensional compression load-unload tests were
performed on unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens for evaluating the compression behaviour and to obtain 𝜆, 𝜅, and N values for
the constitutive model. It is shown that the path traced by the K0 normal compression line
of fibre, cement, and fibre reinforced cemented Toyoura sand specimens is different from
the unreinforced Toyoura sand specimens. The addition of fibre or cement to the pure
Toyoura sand appears to have no appreciable effect on the slope of the K0 NCL but
increases in these additives moves it outside of the K0 NCL of unreinforced sand.
The location of the NCL of the fibre-sand mixture above the NCL of the sand might be
due to a lock-in effect of the fibres, therefore allowing a larger void ratio to exist in the
composite material, which is not removed at large compressive stresses and large
volumetric strains. This suggests that cementitious bonds and lock-in effect due to fibres
are sufficiently strong relative to the particles to allow the cemented and fibre reinforced
samples to reach states outside the K0 NCL of the unreinforced soil (Cotecchia and
Chandler, 2000; Consoli et. al., 2005; Santos et. al., 2010). The values of 𝜆, 𝜅, and N for
unreinforced, fibre, cement, and fibre reinforced cemented specimens are listed in Table
5.7. This phenomenon of shifting towards the right for the K0 NCL for fibre, cement, and
fibre reinforced cemented specimens is also found in the literature and results presented
in this study agree well with the previous investigations (Consoli et. al., 2005; Santos et.
al., 2010; Marri, 2010; Manzanal et. al., 2011; Salah-ud din, 2012, 2013; Lashkari, 2014).
This is an interesting study and needs further investigation to perform load-unload K0
NCL at different cement (e.g. curing duration) and fibre contents.

5.5 Study E: Local Strain Measurements
In general, the stress-strain relationship of geomaterials is non-linear, with shear modulus
(G) decreasing as the shear strain increases. However, at very low shear strain (e.g. less
than 0.001%), the shear modulus is approximately constant and attains a maximum value
termed the small-strain shear modulus (G0) or maximum shear modulus, Gmax (Bui et. al.,
2010). In this study, similar GDS Hall effect transducers (e.g. Munoz-Castelblanco et. al.,
2012; Jastrzebska and Kowalsha, 2016; Ye et. al., 2017) are used to investigate the local
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stress-strain behaviour of unreinforced, fibre, cement, and fibre reinforced cemented
Toyoura sand specimens in triaxial tests.

5.5.1

Testing Overview

A series of local strain measurements were obtained on unreinforced, fibre, cement, and
fibre reinforced cemented Toyoura sand specimens using GDS Hall effect local strain
transducers. Table 5.8 summarizes the testing program used to evaluate the effect of
fibres and cement content on the small strain shear modulus behaviour of the tested
specimens. The triaxial samples were prepared in the same manner as the previous
studies (in respect to dry density, moisture content, size, and curing time). All samples
were consolidated to 100 kPa.
Table 5.8 Testing program for local strain measurements
Test No.

Test ID

Mean effective stress
(p') (kPa)

Cement
Content (%)

Fibres
Content (%)

Test
Type
C/E

1.

LSM-C0F0M0

100

0

0

C

2.

LSM-C0F0.5M0

100

0

0.5

C

3.

LSM-C0F1M0

100

0

1

C

4.

LSM-C0F2M0

100

0

2

C

5.

LSM-C1F0M0

100

1

0

C

6.

LSM-C2F0M0

100

2

0

C

7.

LSM-C3F0M0

100

3

0

C

8.

LSM-C4F0M0

100

4

0

C

9.

LSM-C3F1M0

100

3

1

C

10.

LSM-C3F2M0

100

3

2

C

11.

LSM-C3F3M0

100

3

3

C

12.

LSM-C2F1M0

100

2

1

C

5.5.2

Results and Analysis

𝑞

Typical stress-strain and mobilized stress (𝑞 ) curves obtained from the Hall Effect local
𝑝𝑘

strain transducers and using global (external) strain measurements on specimens
consolidated and tested in drained conditions are shown in Appendix E [Figures E.1-2].
Figure E.1 shows that the global strain transducers (external measurements) record larger
strains compared to the local strain transducers mounted on the sample for the same
deviatoric stress. This is attributed to the accumulation of various errors involved with
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external strain measurements (Jardine et. al., 1984; Baldi et. al., 1988; Atkinson and
Sallfors, 1991; Gunasekaran and Robinson, 2008) such as sample bedding errors, and
deflexions originating from the compliances of the loading and load measuring systems.
It is shown that small strain stiffness from the local transducers reduces approximately
50% with the addition of fibres (see Figure E.1); similar results were also reported in
previous studies (Gray and Al-Refeai, 1986; Michalowski and Zhao, 1996; Diambra,
2010; Salah-ud-din, 2012) and this behaviour was a consequence of the loss of contact
between the particles and a reduction in the particle-to-particle friction because of the
presence of the fibres (Claria and Vettorela, 2016).
In contrast, addition of cement enhances the small-strain stiffness properties of pure
Toyoura sand specimens by approximately 100-150% (see Figure E.1). Similar results
were also reported by (Consoli et. al., 1998, 2009; Schnaid et. al., 2001). The results
highlighted that the weak cementation level (e.g. 3 days curing) induced by chemical
treatment was sufficient to moderately increase the small-strain stiffness (Porcino, et al.,
2012). In addition, fibre reinforced cemented sand specimens showed approximately 100200% increase in small strain stiffness behaviour compared to unreinforced specimens
(see Figure E.1). Results reported for fibre reinforced cemented sand agree well with
previous studies (Sadek et. al., 2013).
Shear Modulus (G) versus shear strain (𝜀𝑞 ) curves are also presented in Appendix E (see
Figures E.3-5). The moderate increase in small-strain stiffness of fibre reinforced
cemented sand is attributed to interparticle bonds, particle-to-particle contacts and fibreparticle friction mechanism. Fibre-particle friction mechanism is enhanced by the
addition of cement, which results in a better bonding between fibre and sand particles. In
addition, the fibres used in this study vary in diameter from 110-120 μm, with striation
widths of 5 μm to less than 1 μm along the 12 mm length. These micro-striations have
small filaments protruding from them; likely a result of the extrusion process used in their
fabrication. These striations and filaments give the fibres a rough surface, and with the
existing angularity of the Toyoura sand, an ideal medium for cementitious bonding
(Toutanji et. al., 2010; Al-Attar, 2013; Schmidt, 2015).
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𝑞
Figure 5.13a-c shows the shear modulus reduction (𝐺/𝐺0 ) and mobilized stress ( ⁄𝑞𝑝𝑘 )
curves. Fahey and Carter (1993) conducted laboratory shear tests and presented results
for modulus reduction versus mobilized stress. A simple hyperbolic relationship with
limited range of exponents (0.2-0.4) of the form given below was proposed:
𝐺
𝐺0

= [1 − (𝑞/𝑞𝑝𝑘 ]

𝑔

5.15

𝑞
Where 𝐺/𝐺0 = shear modulus reduction, ⁄𝑞𝑝𝑘 = mobilized stress and 𝑔 = an exponent to
characterise the laboratory test data.
For Toyoura sand and fibre reinforced sand, it can be seen that the results agree well with
the hyperbola relationship (Eq. 5.3) when employing an exponent value of 0.2-0.3. For
cemented sand, the results show close agreement for values in the range of 0.3-0.4. A
slightly greater value of exponent (e.g. 0.4-0.6) is required to fit the results of fibre
reinforced cemented sand. A range of exponent, 𝑔 = 0.2-0.4 was suggested by Fahey and
Carter (1993) for well-behaved soils (uncemented). It can be seen that for cemented and
fibre reinforced sand, the range of exponent might lie between 0.3 to 0.6.

(a) Pure Sand, and 0.5-2% Fibres

186

(b) Pure Sand, and 1-4% Cement

(c) Pure Sand, 2-3% Cement and 1-3% Fibres
𝑞

Figure 5.13 Shear modulus reduction (𝐺/𝐺0 ) versus stress-ratio (𝑞 ) curves from CID
𝑝𝑘

compression tests for unreinforced, fibre, cemented, and fibre reinforced cemented
Toyoura sand specimens
Figures 5.14-5.16 show normalized shear modulus (𝐺/𝐺0 ) versus shear strain (𝜀𝑞 ) curves
for the different samples. Oztoprak and Bolton (2013), proposed a relationship with three
curve fitting parameters (see Eq. 5.4), an elastic threshold strain (𝛾𝑒 ), up to which the
elastic shear modulus is constant at 𝐺0 , and which enables the expression to cover
cementation and interlocking effects at small-strain; a reference strain (𝛾𝑟 ), the shear
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strain at which the secant modulus reduces to 0.5𝐺0 ; the two characteristic strains were
found to vary with sand type (e.g., uniformity coefficient), state of the soil (e.g., void
ratio, relative density), and mean effective stress. Last, a curvature parameter (𝑎), which
controls the rate of modulus reduction. An average value of curvature parameter, a =
0.88, was employed for a database of 379 tests on uncemented sands. The hyperbolic
relationship proposed by Oztoprak and Bolton (2013) is given below:
𝐺
𝐺0

=

1

𝛾−𝛾𝑒 𝑎
1+[
]
𝛾𝑟

5.16

Where 𝛾𝑒 = elastic threshold strain, 𝛾𝑟 = reference strain, and 𝑎 = curvature parameter
Figures 5.14-5.16 show the shear modulus degradation curves and comparison with the
curve-fitting parameters for model upper bound, lower bound, and mean. Table 5.9 shows
the values of best-fit (upper/lower bound) parameters proposed by Oztoprak and Bolton
(2013), and the derived parameters for unreinforced and reinforced Toyoura sand in this
study.
It can be seen that the elastic threshold strain (𝛾𝑒 ), ranges from 0.0007% to 0.001% for
unreinforced and fibre reinforced sand. This range slightly increases to 0.0009-0.0014%
for cemented sands. For the fibre reinforced cemented sand, the threshold strain increases
to a range of 0.0015-0.0022%. The ranges for the reference strain (𝛾𝑟 ), for unreinforced
and fibre reinforced sand (0.039-0.043%), cemented sand (0.048-0.056%), and fibre
reinforced cemented sand (0.065-0.08%) are also shown in Table 5.9. In addition, it can
be seen that a curvature parameter (a), for unreinforced and fibre reinforced sand of 0.88,
and 1.0 for cemented and fibre reinforced cemented sand.
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(a) Pure Sand, and 0.5-2% Fibres
Figure 5.14 𝐺/𝐺0 versus shear strain (𝜀𝑞 ) curves from CID compression tests for
unreinforced and fibre reinforced Toyoura sand specimens at different fibre contents (02%)

(b) Pure Sand, and 1-4% Cement
Figure 5.15 𝐺/𝐺0 versus shear strain (𝜀𝑞 ) curves from CID compression tests for
unreinforced and cemented Toyoura sand specimens at different cement contents (0-4%)
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(c) Pure Sand, 2-3% Cement and 1-3% Fibres
Figure 5.16 𝐺/𝐺0 versus shear strain (𝜀𝑞 ) curves from CID compression tests for
unreinforced and fibre reinforced cemented Toyoura sand specimens at different cement
(0-3%) and fibre (0-3%) contents
Table 5.9 Comparison of curve-fitting parameters for unreinforced and reinforced
Toyoura Sand with Oztoprak and Bolton (2013)
Sample ID
Elastic threshold
Reference strain
Curvature
strain (𝛾𝑒 )
(𝛾𝑟 )
parameters (𝑎)
C0F0M0
0.001
0.043
0.88
C0F0.5M0
0.0008
0.042
0.88
C0F1M0
0.0007
0.040
0.88
C0F2M0
0.0007
0.039
0.88
C1F0M0
0.0009
0.048
1
C2F0M0
0.001
0.050
1
C3F0M0
0.0012
0.052
1
C4F0M0
0.0014
0.056
1
C2F1M0
0.0015
0.065
1
C3F1M0
0.0018
0.074
1
C3F2M0
0.0020
0.076
1
C3F3M0
0.0022
0.080
1
Oztoprak and Bolton (2013)
Lower Bound
0
0.02
0.88
Mean
0.0007
0.044
0.88
Upper Bound
0.003
0.1
0.88
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5.5.3

Summary

In this sub-study, a series of local strain measurements were obtained for unreinforced,
fibre, cement, and fibre reinforced cemented Toyoura sand specimens. It was found
shown that the global strain transducers (external measurements) recorded larger strains
compared to the local strain transducers mounted on the sample for the same deviatoric
stress. This is attributed to the accumulation of various errors involved with external
strain measurements such as sample bedding errors, and deflexions originating from the
compliances of the loading and load measuring systems. It is shown that small-strain
stiffness slightly reduces with the addition of fibres (e.g., 50%). In contrast, addition of
cement enhances the small-strain stiffness properties of pure Toyoura sand specimens.
The results highlighted that the weak cementation level (e.g. 3 days curing) induced by
chemical treatment was sufficient to moderately increase the small-strain stiffness (e.g.,
100-150%). In addition, fibre reinforced cemented sand specimens showed increases in
small-strain stiffness compared to unreinforced specimens (e.g., 100-200%). Results of
the modulus degradation and mobilized stress curves show good agreement with the
hyperbolic relation proposed by Fahey and Carter (1993).
Overall, the comparison of the results with the Oztoprak and Bolton, (2013) model shows
that the small-strain results obtained using local strain transducers fall within the range of
the model upper and lower bound curves. The results of the unreinforced, fibre
reinforced, and cemented sand shows a close agreement with the model mean curve, but
fibre reinforced cemented sand shows a closer comparison with model upper bound.

5.6 Study F: Shear Wave Velocity and G0 Measurements
Several techniques have been employed for measuring very small-strain shear modulus
(G0), including resonant column (Hardin and Richart, 1963; Cascante et. al., 1998),
piezoelectric transducers (Brignoli et. al., 1996; Nakagawa et. al., 1997; Lings and
Greening, 2001; Kumar and Madhusudhan, 2010; Murillo et al., 2011) and quasi-static
loading with high resolution strain measurements (Kokusho, 1980; Hoque and Tatsuoka,
1998; Ezaoui and Di Benedetto, 2009; Gu et. al., 2013). However, due to the recent
development of piezoelectric transducers, the value of maximum shear modulus (G0) can
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more easily be obtained from shear wave velocity measurements using piezoelectric
transducers (Lee and Santamarina, 2005).
Recently, a brief study (Schmidt, 2015) on shear wave velocity measurements using
bender elements on silty, fibre, cement, and fibre reinforced cemented Toyoura sand was
conducted to investigate the effect of these additives on the G0 of pure Toyoura sand. The
zero-crossing method was used to determine the shear wave velocity in this study. A
typical example of this method is shown in Figure 5.17 below.
The literature shows that shear wave velocity was measured predominantly in pure sands
and/or silty sands using bender elements. However, in this study, a piezoelectric ring
actuator (PRA) developed recently by Ahmad (2016) was used to measure the shear wave
velocity of the fibre reinforced cemented Toyoura silty sand. The details of this device
can be found in Ahmad (2016) and has been chosen primarily to eliminate sample
disturbance due to its non-invasive nature in cemented specimens.

Initial Zero
Crossing

Figure 5.17 Typical shear wave velocity input and output signal showing the point of
initial-zero crossing used for the calculation of shear wave velocity

5.6.1

Testing Overview

A series of shear wave velocity measurements were made on unreinforced, fibre, cement
and fibre reinforced cemented Toyoura sand specimens using a piezoelectric ring
actuators (PRA) device embedded in an oedometer. Tables 5.10-11 summarize the testing
program used to evaluate the effect of silt, fibres and cement content on the shear wave
velocity and small-strain shear modulus behaviour of unreinforced, fibre, cement, and
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fibre reinforced cemented Toyoura sand. Samples with dimensions of 70 mm in diameter
and height of 20 mm were prepared in 1 layer to a target dry density value (e.g., 𝜌𝑑 =
1.40 g/cm3) of Toyoura sand using moist tamping technique in an oedometer ring.
Unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand samples were
prepared and mixed to 10 percent of water content by dry mass of soil. Cemented
samples were again cured for 3 days. Specimens were left to saturate for 24 hours prior to
take shear wave velocity readings using the PRA device.
Table 5.10 Testing program for shear wave velocity measurements (Vs) tests in current
study
Test No.

Test ID

Mean effective
stress (kPa)

Cement
Content (%)

Fibres Content
(%)

Silt
Content (%)

0

0

0

Pure Sand
1.

PRA-C0F0M0

0-1000
Fibre Only

2.

PRA-C0F1M0

0-1000

0

1

0

3.

BE-C0F3M0

0-1000

0

3

0

Cement Only
4.

PRA-C1F0M0

0-1000

1

0

0

5.

PRA-C2F0M0

0-1000

2

0

0

6.

PRA-C3F0M0

0-1000

3

0

0

7.

BE-C4F0M0

0-1000

4

0

0

8.

PRA-C0F0M10.5

0-1000

0

0

10.5

9.

PRA-C0F0M21

0-1000

0

0

21

10.

PRA-C0F0M28

0-1000

0

0

28

11.

PRA-C0F0M35

0-1000

0

0

35

12.

PRA-C0F0M42

0-1000

0

0

42

Silt Only

Cement, Fibre, and Silt
13.

PRA-C2F1M0

0-1000

2

1

0

14.

PRA-C3F3M0

0-1000

3

3

0
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Table 5.11 Previous Western University testing program for bender element (BE) tests
(Schmidt, 2015)
Previous Western University Research

Test No.

Test ID

Mean effective
stress (kPa)

Cement
Content (%)

Fibres Content
(%)

Silt
Content (%)

0

0

0

0

0

100

0

1

0

Pure Sand
15.

BE-C0F0M0

0-600

16.

BE-C0F0M100

0-600

Pure Silt

Fibre Only
17.

BE-C0F1M0

0-600
Cement Only

18.

BE-C1F0M0

0-600

1

0

0

19.

BE-C2F0M0

0-600

2

0

0

20.

BE-C3F0M0

0-600

3

0

0

21.

BE-C4F0M0

0-600

4

0

0

22.

BE-C0F0M10.5

0-600

0

0

10.5

23.

BE-C0F0M21

0-600

0

0

21

24.

BE-C0F0M28

0-600

0

0

28

25.

BE-C0F0M35

0-600

0

0

35

26.

BE-C0F0M42

0-600

0

0

42

27.

BE-C0F0M75

0-600

0

0

75

Silt Only

Cement, Fibre, and Silt
28.

BE-C2F1M0

0-600

2

1

0

29.

BE-C2F1M10.5

0-600

2

1

10.5

30.

BE-C2F1M21

0-600

2

1

21

31.

BE-C2F1M28

0-600

2

1

28

32.

BE-C2F1M35

0-600

2

1

35

33.

BE-C2F1M42

0-600

2

1

42

WC = Tests performed at Western University by Colin Schmidt
WM = Tests performed in current study

5.6.2

Results and Analysis

The test results on pure Toyoura sand specimens show that the shear wave velocity
increases with higher mean effective MIT stress, 𝑠 ′ .
𝑠′ =

𝜎𝑣′ + 𝜎ℎ′

5.17

2

Where, 𝜎𝑣′ = vertical effective stress, and 𝜎ℎ′ = horizontal effective stress (K0. 𝜎𝑣′ ).
Coefficient of earth pressure at rest (K0) is estimated by relation to frictional angle (𝐾0 =
1 − 𝑠𝑖𝑛𝜙 ′ ). However, the mean effective stress (𝑝′ =
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𝜎1′ + 𝜎2′ +𝜎3′
3

) is used by Oztoprak and

Bolton (2013), and Schmidt (2015). It can be seen in the Figure 5.18 that with the
addition of 1-3% of PVA fibres, the shear wave velocity increases by only 1-3%.
However, the addition of 1-4% of cement increases the shear wave velocity by 8-35%
(see Fig. 5.20). It is shown that 10.5-21% increase of fines reduces the shear wave
velocity by 2-5% but adding 28-42% fines significantly reduces the shear wave velocity
by 12-31% (see Fig. 5.19). Furthermore, the combined effect of cement and fibres was
also found and with only 2% cement and 1% fibre, the shear wave velocity increase was
found to be approximately 24% and with only 3% cement and 3% fibres this increased to
35% (see Fig. 5.21).
Initially, when only fibre additives are used, the shear wave velocity reduces slightly and
then after applying mean effective stress of approximately 200 kPa and higher, a slight
increase of 1-3% can be seen in Figure 5.18. Similar behaviour was also reported by
previous researchers (Heineck et. al., 2005; Consoli et. al., 2010; Schmidt, 2015).
It can be seen in Figure 5.20 that for only 1% cement addition, the shear wave velocity
increased by approximately 8%. However, this increase was more prominent for 4%
cement reaching a 35% increase. The effect of cementation on small-strain stiffness
prevails at low stress. At high stress, the particulate nature of the medium dense sand
takes over, rendering stress-dependent strength and stiffness (Fernandez and
Santamarina, 2000). In addition, the cemented sand is found to form interlocked clusters
(Salah-ud-din, 2012), which might lead to an improvement of the shear wave velocity.
For Toyoura sand with 2-3% cement and 1-3% fibre content, the fibres no longer control
the skeletal stiffness. Instead, the cementitious bonding dominates by interlocking the
fibres and the sand grains and creating a less compressible specimen (Salah-ud-din et. al,
2013) and it is clear that the addition of OPC both strengthened and stiffened the Toyoura
sand (Schmidt, 2015). Hence, the interlocking and bonding between the fibres and
cement play an important role in determining the shear wave velocity or small-strain
shear modulus.
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Figure 5.18 Shear wave velocity measurements vs mean effective stress for pure Toyoura
sand, 1% and 3% fibre reinforced Toyoura sand

(a) 0-100% Silt
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(b) 0-42% Silt
Figure 5.19 Shear wave velocity measurements vs mean effective stress for pure Toyoura
sand, and 0-42% Toyoura silty sand

Figure 5.20 Shear wave velocity measurements vs mean effective stress for pure Toyoura
sand, 1-4% cemented Toyoura sand
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Figure 5.21 Shear wave velocity measurements vs mean effective stress for pure Toyoura
sand, 1% fibre + 2% cement, 3% fibre and 3% cement reinforced Toyoura sand
Oztoprak and Bolton, (2013) proposed a method to normalize shear modulus using the
void ratio function Gmax(1+e)3/Pa and plotted the results as log (Gmax(1+e)3/Pa) vs log
(p′/Pa). The results from this study for the normalized shear modulus and normalized
mean effective stress agree well with previous findings on pure Toyoura sand (Oztoprak
and Bolton, 2013), Toyoura silty sand, and fibre reinforced, fibre reinforced cemented
Toyoura sand (Schmidt, 2015). Any variations (see Appendix R) are likely due to the
difference in stress history (i.e. isotropic versus anisotropic consolidation) and the
measurement method. In addition, these small discrepancies could be attributed to several
other factors. The potential factors include the difference in sample preparation
techniques, the different test devices (BE vs. Ring piezoelectric actuators), different
methods of analysis for the measurement of arrival time, the use of an appropriate Ko to
convert the vertical stresses into mean stress, and different specimen sizes etc (Ahmad,
2016).
The small-strain shear modulus is typically dependent on stress in uncemented soils. In
effect, the shear wave velocity, which is often used to calculate shear stiffness, follows a
power equation with the mean effective stress in polarization plane (Cha et. al., 2014);
𝑉𝑠 = 𝛼(𝑠′/1 𝑘𝑃𝑎) 𝛽0

5.18
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Where the 𝛼 factor is the velocity at 1 kPa, and 𝛽0 exponent captures the velocity
sensitivity to the state of stress.
The small-strain shear stiffness, or velocity, is a constant-fabric measurement at a given
state of stress. However, parameters 𝛼 and 𝛽0 are determined by fitting the power
equation to velocity measurements conducted at different effective stress levels. So,
changes in contact stiffness and soil fabric are inherently involved (Cha et. al., 2014). It
was concluded that less compressible soils exhibit higher 𝛼 factors and lower 𝛽0
exponents. In addition, it was further stated that there is a robust inverse relationship
between 𝛼 factors and 𝛽0 exponents. Table. F.1 (see Appendix F) lists various shear
wave velocity (Vs) and small-strain shear modulus (G0) correlations using the
piezoelectric ring actuators (PRA) and bender elements (BE). Table 5.12 lists and Figures
5.22a-g show the variation of 𝛼 factor and 𝛽0 exponent with addition of differing silt,
fibre, and cement contents.
Table 5.12 𝜶 factor and 𝜷𝟎 exponent from curve fitting of shear wave velocity using
piezoelectric ring actuators (PRA) and bender elements (BE)
Test No.

𝜶

𝜷𝟎

WM/WC

60.455

0.2565

WM

Test ID
Pure Sand

1.

PRA-C0F0M0

2.

PRA-C0F1M0

55.926

0.2717

WM

3.

PRA-C0F3M0

52.562

0.2846

WM

Fibre Only

Cement Only
4.

PRA-C1F0M0

96.044

0.1898

WM

5.

PRA-C2F0M0

128.79

0.1498

WM

6.

PRA-C3F0M0

157.69

0.1303

WM

7.

PRA-C4F0M0

178.11

0.1213

WM

Silt Only
8.

PRA-C0F0M10.5

65.944

0.2386

WM

9.

PRA-C0F0M21

61.34

0.245

WM

10.

PRA-C0F0M28

50.371

0.2653

WM

11.

PRA-C0F0M35

50.547

0.2443

WM

12.

PRA-C0F0M42

44.50

0.2565

WM

Sand + Cement + Fibre
13.

PRA-C2F1M0

92.449

0.221

WM

14.

PRA-C3F3M0

135.57

0.1697

WM
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Pure Sand
15.

BE-C0F0M0

62.06

0.254

WC

7.23

0.539

WC

0.258

WC

Pure Silt
16.

BE-C0F0M100

Fibre Only
17.

62.78

BE-C0F1M0

Cement Only
18.

BE-C1F0M0

104.96

0.202

WC

19.

BE-C2F0M0

133.94

0.146

WC

20.

BE-C3F0M0

162.25

0.121

WC

21.

BE-C4F0M0

143.07

0.173

WC

22.

BE-C8F0M0

337.69

0.052

WC

0.217

WC

Sand + Cement + Fibre
23.

BE-C2F1M0

91.66
Sand + Cement + Fibre + Silt

24.

BE-C2F1M10.5

112.29

0.172

WC

25.

BE-C2F1M21

83.36

0.236

WC

26.

BE-C2F1M28

79.24

0.228

WC

27.

BE-C2F1M35

69.66

0.216

WC

28.

BE-C2F1M42

62.56

0.250

WC

29.

BE-C2F1M75

84.33

0.171

WC

30.

BE-C2F1M100

40.57

0.260

WC

*WM represents tests conducted using PRA in current study
*WC represents BE tests conducted by Schmidt, (2015)

(a) Pure Sand, and 1-3% Fibres
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(b) Pure Sand, and 1-3% Cement

(c) Pure Sand, and 1-16% Cement
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(d) Pure Sand, 1-3% Fibre, and 2-3% Cement

(e) Pure Sand, and 10.5-42% Silt
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(f) Pure Sand, 2% Cement and 1% Fibre, and 10.5-100% Silt

(g) Summary of experimental results of 𝜶 factor and 𝜷𝟎 exponent
and comparison with central trend, and standard deviation
(SD) of ±1 (Cha et. al., (2014)
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(𝒉) 𝜶 factor and 𝜷𝟎 exponent and comparison with central
trend (Schmidt, 2015), and standard deviation (SD) of ±1
(Cha
(2014)
Figure 5.22 𝛼 factor
andet.𝛽al.,
0 exponent from curve fitting of shear wave velocity for
unreinforced, fibre, cement, fibre reinforced cemented, silty, and fibre reinforced
cemented silty sand
For fibre reinforced specimens, 𝛼 factor decreases approximately 13%, and 𝛽0 exponent
increases up to 11% (see Fig. 5.22). For cemented specimens, 𝛼 factor increases by
approximately 194%, and 𝛽0 exponent decreases up to 53%. For silty sand specimens, 𝛼
factor decreases by approximately 26%, and 𝛽0 exponent initially slightly increases up to
28% silt content and then reaches 0.2565 (same as pure sand) at 42% silt content. For
fibre reinforced cemented specimens, 𝛼 factor increases by approximately 124%, and 𝛽0
exponent decreases up to 34%. A similar trend in decrease in 𝛼 factor and increase in 𝛽0
exponent for fibre reinforced, and silty sand specimens, and increase in 𝛼 factor, and
decrease in 𝛽0 exponent for cemented, and fibre reinforced cemented specimens, can also
be seen in Schmidt, (2015) results. For bender element tests, the fibre reinforced
cemented silty sand specimens show an initial increase in 𝛼 factor by approximately 81%
and then decreases up to 31%. Exponent 𝛽0 shows an initial decrease by approximately
33% and then increases up to the value of pure sand (0.258).
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5.6.3

Summary

In this sub-study, a series of shear wave velocity measurements were made on
unreinforced, fibre, cement and fibre reinforced cemented Toyoura sand specimens using
a piezoelectric ring actuators (PRA) device embedded in an oedometer. The test results
on pure Toyoura sand specimens show that the shear wave velocity increases with
increasing mean effective stress. It is shown that with the addition of 1-3% of PVA
fibres, the shear wave velocity increases moderately. However, the addition of 1-4% of
cement causes more significant increases in shear wave velocity. It is also shown that
increase of fines generally reduces the shear wave velocity but adding 28-42% fines
significantly reduces the shear wave velocity.
The combined effect of cement and fibres was also found to provide quite significant
shear wave velocity increases. For Toyoura sand with cement and fibre, the fibres no
longer control the skeletal stiffness. Instead, the cementitious bonding dominates by
interlocking the fibres and the sand grains and creating a less compressible specimen and
it is clear that the addition of cement both strengthened and stiffened the Toyoura sand. In
addition, the results from this study for the normalized shear modulus and normalized
mean effective stress agree well with previous findings on pure Toyoura sand (Oztoprak
and Bolton, 2013), Toyoura silty sand, and fibre reinforced, fibre reinforced cemented
Toyoura sand (Schmidt, 2015). Any variations in results of bender elements and PRA
device are likely due to the difference in stress history (i.e. isotropic versus anisotropic
consolidation) and the measurement method. In addition, these small discrepancies could
be attributed to several other factors (Ahmad, 2016). The potential factors include the
difference in sample preparation techniques, the different test devices (BE vs. Ring
piezoelectric actuators), the use of an appropriate Ko to convert the vertical stresses into
mean stress, and different specimen sizes etc. Finally, it was found that there is a robust
inverse relationship between 𝛼 factors and 𝛽0 exponents proposed by Cha et. al., (2014).
Hence, it was concluded that less compressible soils (e.g. cemented sand) exhibit higher
𝛼 factors and lower 𝛽0 exponents and vice versa.
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5.7 Study G: Fibre Orientation Distribution
In reinforcement applications, the contribution of fibres to the strength of fibre-reinforced
soils is dependent on the orientation of the fibres. The fibres in the direction of the largest
extension contribute most to the strength of the composite, whereas the fibres under
compression can have an adverse effect on the composite stiffness, and do not produce an
increase in the composite strength (Michalowski and Cermak, 2002). Fibre orientation
also affects the mechanical response due to its interaction with soil particles at micromechanical level. Randomly oriented fibres have been found to be effective in improving
the strength of soils by friction and coiling around the soil particles. Fibres are most
influential when orientated in the same direction as the tensile strains for any particular
loading condition (Salah-ud-din, 2012). In laboratory testing and the field/practical
applications, the distribution of fibres can usually be characterized by a preferred plane of
fibre orientation (Michalowski and Cermak 2002; Diambra et. al., 2007; Shukla, 2017).
Therefore, it is important to investigate the orientation of fibres across single element test
specimens. The following testing program was designed to investigate the fibre
orientation distribution in the triaxial tests conducted in this thesis, to determine if there
are any artefacts due to the preparation methods.

5.7.1

Testing Overview

Two forms of image analysis were performed on PVA fibre reinforced cemented Toyoura
sand specimens to study the fibre orientation distribution (FOD) of the fibres. Table 5.13
summarizes the testing program used to evaluate the FOD of the specimens. Two
approaches were used for validation purposes:
1) Micro-CT technique with image analysis;
2) Image analysis of physically cut specimens with coloured fibres.

5.7.2

Sample Preparation

Samples with of 50 mm diameter and height of 100 mm were prepared in a polyvinyl
chloride (PVC) mold to a target dry density value (e.g., 𝜌𝑑 = 1.489 g/cm3) using the
under-compaction moist tamping technique (Ladd, 1978). Three mixtures of fibre
reinforced cemented Toyoura sand samples were prepared with 10% moisture, 2%
cement, and 0.5-2% (0.8-3.2% volumetric concentration) coloured fibre contents by mass
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and compacted in 5 layers (each 20 mm) as per the other studies in this thesis. Samples
were then cured for 7 days to avoid any disturbance during the transportation of the
samples to the testing equipment.

5.7.3

Micro-CT Scanning

Computerized Tomography (CT) scans were performed at the Department of Sustainable
Archaeology, Western University using a Nikon Metrology, Inc. micro-CT scanner with
voxel resolution of approximately 50-60 𝛍𝐦. Figure 5.23 shows the micro-CT Scanner
used for the investigation of the fibre orientation distribution (FOD) and Figure 5.24
shows horizontal and vertical sections of the fibre reinforced cemented Toyoura sand
specimen obtained using the micro-CT scanner. Scans were obtained using a frame rate
of two frames and an exposure time of 500 milliseconds. The number of images was set
to optimize and typically resulted in approximately 3000 images. Scanning time for each
of the three specimens was approximately 53 minutes. The voltage was 130-140 KV and
the intensity of 35-45 mico-ramps was varied in all specimens. Resolution varied from
approximately 50 to 60 microns. After, scanning, the individual micro-CT radiographs
were reconstructed using CT-Pro reconstruction software. Following this, the
reconstructed CT Pro files were visualized using the VGStudio MAX imaging software
(Klages, 2013).
Table 5.13 Testing program for studying the fibre orientation distribution (FOD)
Length
of fibres
(mm)

Diameter
of fibres
(mm)

1.

FOD-C2F0.5M0

12

0.11

Cement
Content
(%)
2

2.

FOD-C2F1M0

12

0.11

2

1

3.

FOD-C2F2M0

12

0.11

2

2

Test No.

Test ID

207

Fibres Content
(%)
0.5

Figure 5.23 Micro-CT scanner used for fibre orientation distribution (Located at
sustainable Archaeology, Western University)
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Cement Nodules

Fibres

15 mm

(a) Vertical section: circles show cement nodules, squares show fibres

209

Cement
Nodules
Fibres

30 mm

(b) Horizontal section: circles show cement nodules, squares show fibres
Figure 5.24 Micro-CT Scans
VGStudio MAX allows the micro-CT images of fibre reinforced cemented sand
specimens to be visualized in the horizontal and vertical sections. Then, the angles of the
fibres for 4 horizontal sections (each 25 mm height) and in 1 vertical section (center)
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were calculated using the software. In addition, the number of fibres intersecting
horizontal and vertical sections are also counted using the advanced CT images.

5.7.4

Physically Cut Specimens

In previous studies, the physical fibre counting procedure for each area was performed
visually with the aid of digital images. Figure 5.25 shows the vertical and horizontal
sections of 2 specimens used for visual counting of fibres in this study (the specimen
results for 2% fibre content by weight and 3.2% volumetric concentration were discarded
due to the difficulty in counting fibres). This procedure is usually adopted due to the
unavailability of any electronic image analysis tool which could automatically perform
the counting of fibres. First, the samples are extruded from the mold and cut at 25 mm
sample height using a bench-saw. Then, images were taken using a digital camera and the
counting of fibres was performed manually at each side of the section. A similar
procedure was adopted in previous study (Diambra, 2010).

C2F1M0

C2F0.5M0
Figure 5.25 Vertical and horizontal sections of fibre reinforced cemented Toyoura sand
specimens using a thin bench-saw

5.7.5

Numerical Analysis of Fibre Orientation

A generalized fibre orientation distribution function 𝝆(𝜽), which represents the
volumetric concentration of fibres in an infinitesimal volume dV having an orientation of
angle 𝜃, was utilized for interpretation of this work. A brief description of the analytical
procedure is presented below and in further detail in Diambra, (2010).
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𝜌(𝜃) = 𝜌̅ (A +C|𝑐𝑜𝑠 𝑛 𝜃|)

5.19

Where 𝜌̅ is the average volumetric concentration of the fibres and is defined as the total
volume of fibres (Vf) per sample volume (V):
𝜌̅ =

𝑉𝑓

5.20

𝑉

A, C and n are constants linked by the relationships:
𝐶=

1−𝐴

5.21

𝜋/2
∫0 𝑐𝑜𝑠𝑛+1 (𝜃)𝑑𝜃

However, there are no particular restrictions on the choice of the 𝜌(𝜃) function as long as
the following Eq. 5.5 is fulfilled:
𝜌(𝜃) =

1
𝑉

∫ 𝜌(𝜃)𝑑𝑉

5.22

The fibre orientation distribution in Eq. 5.7 requires two of the three constants A, C and n
to be specified. The procedure is simplified even further by assuming A = 0, meaning that
no fibres have vertical orientation, so that only n needs to be adjusted. Table 5.14
presents the results for the CT scans and visual counting methods on the two samples
reinforced with PVA fibres.

5.7.6

Results of Fibre Orientation Distribution

𝐻
The results of 𝑁𝑡𝑜𝑡
(number of fibres intersecting the finite area on a horizontal plane cut
𝑉
through a sample) and 𝑁𝑡𝑜𝑡
(number of fibres intersecting the finite area on a vertical

plane cut through a sample) shown in Table. 5.14 were obtained using the micro-CT
scans and visual count (VC). Table. 5.14 shows a non-uniform fibre orientation
distribution along the different sections of specimens. For example, section 75 mm (a)
shows a percentage variation of approximately 11% between the micro-CT scans and
visual count (VC). However, it can be seen that on average 4-8% variation occurs
between two samples prepared at different fibre concentration (e.g., 0.5-1%).
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Table 5.14 Experimental data for studying the fibre orientation distribution (FOD)

Depth of
section

Average No. of
Fibres Intersecting
50 mm ×25 mm area
(CT Scan)

Average No. of
Fibres Intersecting
50 mm ×25 mm area
(Visual Count)

𝑵𝑽𝒕𝒐𝒕

𝑵𝑯
𝒕𝒐𝒕

𝑵𝑽𝒕𝒐𝒕
𝑵𝑯
𝒕𝒐𝒕

25mm(a)

84

37

2.27

25mm(b)

92

49

50mm(a)

104

50mm(b)

Percent Variation (%)

𝑵𝑯
𝒕𝒐𝒕

𝑵𝑽𝒕𝒐𝒕
𝑵𝑯
𝒕𝒐𝒕

[(CT-VC/CT*100)]

75

42

1.78

22

1.88

83

45

1.84

2

42

2.48

92

37

2.48

0

121

51

2.37

98

44

2.22

6.3

75mm(a)

97

48

2.02

88

39

2.25

11

75mm(b)

117

67

1.75

105

55

1.90

8.5

100mm(a)

87

39

2.23

76

31

2.45

9.8

100mm(b)

79

35

2.26

65

27

2.40

6.2

2.16

8.22

𝑵𝑽𝒕𝒐𝒕

FOD-C2F0.5M0

2.12
FOD-C2F1M0
25mm(a)

233

92

2.53

188

81

2.32

8.3

25mm(b)

197

103

1.91

175

88

1.98

3.6

50mm(a)

169

73

2.32

157

66

2.37

2.1

50mm(b)

217

115

1.89

197

98

2.01

6.3

75mm(a)

206

87

2.37

184

77

2.38

0.4

75mm(b)

129

75

1.72

117

68

1.78

3.5

100mm(a)

147

88

1.67

132

76

1.73

3.6

100mm(b)

155

65

2.38

146

58

2.51

5.5

2.14

4.16

2.08

Table 5.15 shows a comparison of the results obtained from the orientation parameters
(experimental investigations) and analytical predictions. Table. 5.15 shows the nonuniform distribution of fibres along different sections of specimens between analytical
predictions and using orientation parameters (experimental investigations). For example,
sample C2F0.5M0 shows percent variation of approximately 0-12% and sample C2F1M0
shows 1.3-50%. However, it can be seen that on average 5-9% variation occurs between
two samples prepared at different fibre concentration (e.g., 0.5-1%).
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Table 5.15 Predicted data for studying the fibre orientation distribution (FOD)

Depth of
section

Orientation Parameters using
Experimental Investigations
A

n

C

Analytical Predictions

𝑵𝑽𝒕𝒐𝒕

𝑵𝑯
𝒕𝒐𝒕

Percent Variation (%)

𝑵𝑽𝒕𝒐𝒕
𝑵𝑯
𝒕𝒐𝒕

[(OP-AP/OP*100)]

FOD-C2F0.5M0
25mm(a)

0

7

2.32

81

39

2.08

10.3

25mm(b)

0

4

1.88

93

46

2.02

7.4

50mm(a)

0

8

2.46

106

43

2.46

0

50mm(b)

0

7

2.33

119

49

2.42

3.8

75mm(a)

0

5

2.04

101

46

2.19

7.4

75mm(b)

0

3

1.69

121

64

1.89

11.8

100mm(a)

0

6

2.18

91

42

2.16

0.92

100mm(b)

0

6

2.18

83

38

2.18

0

2.17

5.2

2.13
FOD-C2F1M0
25mm(a)

0

8

2.46

236

93

2.53

2.8

25mm(b)

0

4

1.88

201

105

1.91

1.6

50mm(a)

0

7

2.33

165

76

2.17

6.8

50mm(b)

0

4

1.88
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112

1.93

2.6

75mm(a)

0

7

2.33

215

91

2.36

1.3

75mm(b)

0

3

1.69

137

54

2.53

49.7

100mm(a)

0

3

1.69

141

89

1.58

6.5

100mm(b)

0

7

2.33

154

67

2.29

1.7

2.13

9.1

2.07

𝑉
𝐻
A reasonable fit of 𝑁𝑡𝑜𝑡
and 𝑁𝑡𝑜𝑡
for the physically cut samples and analytical predictions

can be seen in Table 5.15. The counting of fibres was performed using the VGStudio
MAX software and visually for different sections of the samples is shown in Table. 5.14.
𝑉
𝐻
Experimentally, it can be seen that the average 𝑁𝑡𝑜𝑡
/𝑁𝑡𝑜𝑡
ratio varies from 2.08 to 2.12

(an average ratio of 2.10 is obtained in this study). Based up on the analytical predictions,
𝑉
𝐻
it can be seen that the average 𝑁𝑡𝑜𝑡
/𝑁𝑡𝑜𝑡
ratio varies from 2.13 to 2.17 for varying n

values (an average ratio of 2.15). Therefore, for specimen reinforced with PVA fibres
𝑉
𝐻
(C2F0.5M0), the values of A = 0 and n = 6 (corresponding to 𝑁𝑡𝑜𝑡
/𝑁𝑡𝑜𝑡
= 2.17) closest
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to the average value for moist tamped sample have been adopted due to the results
obtained from experimental study. For specimen reinforced with PVA fibres (C2F1M0),
𝑉
𝐻
the values of A = 0 and n = 5 (corresponding to 𝑁𝑡𝑜𝑡
/𝑁𝑡𝑜𝑡
= 2.08) closest to the average

value for moist tamped sample have been adopted due to the results obtained from
experimental study. It is also reported in the literature that the moist tamping technique
𝑉
𝐻
appears to produce a 𝑁𝑡𝑜𝑡
/𝑁𝑡𝑜𝑡
ratio of about 2.11, which is independent of the average

volumetric concentration of fibres for the range of fibre contents (Diambra, 2010).
Figure 5.26 shows the average anisotropic orientation distribution of fibres for the
analyzed fibre reinforced cemented Toyoura sand specimens. An assumed isotropic
orientation distribution (A = 1) is plotted as a reference. It can be seen that 85-90% of the
PVA fibres oriented between ±30° of horizontal, and approximately 95% of fibres have
an orientation that lies within ±45° of the horizontal plane and only 5% of fibres lie
above 45° of the horizontal plane. Similar results have also been reported in a previous
study (Diambra, 2010) on moist tamped fibre reinforced samples supporting the results
and conclusions in this research. In addition, no layering effect was observed, and the
samples were found to have a relatively uniform distribution. This might be due to
scarifying the already placed layer before pouring the next one and preparing the
specimens in a medium dense state. However, layering effect might occur in very loose
samples.

(a) 2% cement and 0.5% fibre
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(b) 2% cement and 1% fibre
Figure 5.26 Fibre orientation distribution according to Eq. 5.5 for fibre reinforced
cemented samples, a) C2F0.5M0 (A = 0, and n = 4), and b) C2F1M0 (A = 0, and n = 8),
prepared with moist tamping technique, compared with isotropic oreintation distribution
(A = 1, and n = 0)
In triaxial compression tests, a considerable increase of shear strength is contributed by
the presence of fibres, while for tests conducted in extension loading conditions; the
benefit of fibres is very limited. This behaviour confirms that the tamping technique in
the moist condition generates preferential near-horizontal orientation of fibres, that is, the
anisotropic distribution of fibre orientation (Shukla, 2017). In field applications, moist
tamping sample preparation technique generally produces a soil fabric/structure that
resembles that of the rolled-compacted construction fills (Diambra et al. 2010; Ibraim et
al. 2012). Hence, inclusion of fibres may not result in isotropic properties of fibre
reinforced soil and the use of some simplified isotropic constitutive models, may not
result in accurate predictions of the benefits attributed to fibres. For cases where the
predominant load is perpendicular to the preferred plane of fibre orientation, the isotropic
constitutive models, in general, under-estimate the potential benefits from the fibres
(Michalowski and Cermak 2002).
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5.7.7

Summary

In this sub-study, three micro-CT (computerized tomography) scans were performed on
colored PVA fibre reinforced cemented Toyoura sand specimens to study the fibre
orientation distribution (FOD) using both micro-CT technique and image analysis of
physically cut specimens. The micro-CT images of the fibre reinforced cemented sand
specimens were visualized in horizontal and vertical sections. Then, the angles of the
fibres for 4 horizontal sections (each 25 mm height) and in 1 vertical section (center)
were calculated using the software. The number of fibres intersecting horizontal and
vertical sections are counted using these images. A similar approach was used for
physically cut specimens. The variation of results of fibre orientation between micro-CT
scans and visual count were approximately 4-8%.
Difficulties in visual counting arose when higher fibre content (e.g., 2%) were used, as
fibres tend to cluster in groups. The micro-CT scans were able to precisely investigate the
fibre orientation distribution of fibres in these samples. The results show that 85-90% of
the PVA fibres are oriented between ±30° of horizontal, and approximately 95% of
fibres have an orientation that lies within ±45° of the horizontal plane.
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6

Chapter 6: Development of a Constitutive Model for
Fibre Reinforced Cemented Toyoura Sand

Due to the non-linear behaviour of soil, the development of constitutive models capable
of predicting realistic soil mechanical behaviour is a key aspect of boundary value
analyses of geotechnical structures. However, despite the complexity of soil responses
and the recent development of new constitutive relations (Darve, 1990; Chambon, 2000;
Dafalias and Manzari, 2004; Wood, 2004), the soil models generally implemented in
commercial codes are still relatively simple (PLAXIS 1998; STRAUS-7 1999; FLAC-3D
1996). Thus, much more effort needs to be made to implement and validate advanced soil
models in numerical commercial codes to allow geotechnical designers to solve practical
problems using more appropriate soil behaviour (Abate et. al., 2008).
Constitutive modeling of soils provides qualitative understanding, as well as quantitative
estimation of the fundamental mechanical behaviour of soils. The choice of model is to
some extent a matter of mathematical aesthetics and subjective judgement. We cannot
hope to describe all relevant approaches herein. However, there are some models that
have been widely used and are now generally available in many numerical analysis
programs for geotechnical problems: e.g., isotropic elasticity, elastic-perfectly plastic
Mohr-Coulomb, and the Cam Clay family of models (Wood, 2004). The theory of
plasticity was a necessary development in studies on soil mechanics; it provides a
consistent framework to enable the inelastic behaviour of soil to be predicted. In
particular, important steps forward were the introduction of work-hardening plasticity
(Drucker et. al., 1957) and the critical state concept (Roscoe et. al., 1958; Schofield and
Wroth, 1968). The most important constitutive model in this regard is the Cam Clay
model (Burland and Roscoe, 1968). At present there is much research activity in the field
of constitutive models, as demonstrated by the large number of papers recently published
on this subject (e.g., Gajo and Wood, 1999a,b; Chambon 2000; Prisco et. al., 2003;
Capriz et al., 2003; Capriz and Mariano 2004; Dafalias and Manzari, 2004; Imam et. al.,
2005; Abate et. al., 2008; Haeri and Hamidi, 2009; Diambra, 2010; Gao and Zhao, 2012;
Diambra and Ibraim, 2014; Rahimi et. al., 2015; Diambra et. al., 2017).
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Although several advanced constitutive models have been proposed for predicting the
mechanical behaviour of pure sand (e.g., Nova and Wood, 1979; Wood et. al., 1994; Gajo
and Wood, 1999a,b; Imam, 1999; Imam, 2005), sand-fibre composites (e.g., Diambra,
2010; Diambra and Ibraim, 2015) and sand-cement composites (e.g., Liu, 2013; Rahimi
et. al., 2015), there is no constitutive model developed able to predict the mechanical
behaviour of combined sand-fibre-cement composite materials.
In this chapter, the development and calibration of a constitutive model for predicting the
drained and undrained behaviour of sand, sand-fibre, sand-cement, and sand-fibre-cement
in triaxial loading conditions is presented. This model is a form of the elasto-plastic
Severn-Trent constitutive model. The Severn-Trent constitutive model was originally
proposed by Gajo and Wood, (1999a) and successfully used for the simulation of
unreinforced and fibre reinforced Hostun and Leighton Buzzard sand (Diambra, 2010;
Diambra and Ibraim, 2015) for triaxial test simulation. Following this work, an effort has
been made in the current study to make the necessary modifications for a new version of
the Severn-Trent sand model to predict the mechanical behaviour of Toyoura sand with
various percentages of fibre, cement, and fibre reinforced cement in triaxial loading
conditions.

6.1 Modified Severn-Trent Constitutive Model
Gajo and Wood (1999a) proposed the advanced Severn-Trent constitutive model for
predicting the mechanical behaviour of granular soils over a wide range of void ratios and
mean stresses (neglecting grain crushing) in both triaxial and multiaxial space (Gajo and
Wood, 1999b). The model combines the Mohr-Coulomb failure criteria, critical state
concept, dependence of strength and stiffness on the state parameter, a hyperbolic law for
plastic stiffness degradation (with smooth variation of stiffness as the stress state
approaches the strength surface) and a flow rule similar to Cam Clay. The standard model
requires two elastic and eight plastic parameters, which are clearly linked to physical
features of the mechanical response. The formulation and numerical implementation
make use of ‘normalized’ stress space. The model was validated by comparison with
experimental results obtained from triaxial compression and extension triaxial tests on
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Hostun sand and fibre reinforced Hostun Sand (Diambra, 2010) covering a range of soil
density and stress level. The theory and formulation of the basic concepts of the standard
Severn-Trent constitutive model are given below, along with the proposed modifications
from the current study. Further details of the standard Severn-Trent constitutive model
can also be found in Gajo and Wood (1999a,b).

6.1.1

Basic Concepts of the Severn-Trent Constitutive Model

The Severn-Trent sand constitutive model (Gajo and Wood, 1999a) uses an elasto-plastic
bounding surface with kinematic hardening concepts. The model is developed in a critical
state framework that successfully models the stress-strain, pore pressure, volumetric
strain, and stress path behaviour of granular soils at small to relatively large strain levels
under monotonic loading conditions (Diambra, 2010). The model builds on a number of
basic concepts, which are outlined below (Gajo and Wood, 1999b):
1. Strength of sand is governed by some form of frictional relationship in which the
available shear strength depends on the mean effective stress level.
2. The peak angle of friction is dependent on both density (pycnotropy) and mean
effective stress level (barotropy).
3. At large deformations, the sand attains critical states where shearing can continue
with no further changes in stress or density.
4. A small region of stress space (a yield surface) occurs within which the sand can
be described as behaving notionally elastically.
5. The shear stiffness decreases steadily during monotonic shearing.
6. The tangent shear stiffness increases sharply following any corner in the strain
path, with the magnitude of the stiffness increase being dependent on the
sharpness of the corner.
7. Sands show volume change as they are sheared in drained conditions, with the
rate and sign (compression or expansion) of the volume change being dependent
on the stress ratio (or mobilized friction).
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Figure 6.1 Illustration of the strength surface and elastic region (Gajo and Wood, 1999a;
Diambra, 2010)
The strength surface or bounding surface encloses the elastic stress states and yield
surface. The elastic stress states are bounded by wedges in the q-p' plane {q is deviator
stress (𝜎1′ − 𝜎3′ ), and p' is mean effective stress (

𝜎1′ + 2𝜎3′
3

)}, which moves inside the

strength surface through kinematic hardening and their apexes are coincident with the
origin (see Fig. 6.1). The size of the current strength surface of the sand is not constant
but is related to the current specific volume and mean stress, through the state parameter,
𝜉 (Been and Jefferies, 1985; Wood et. al., 1994; Gajo and Wood, 1999a; Diambra, 2010):
𝜉 = 𝑣𝑚 − 𝑣𝑐𝑠 ; where 𝑣𝑐𝑠 = Γ − 𝜆𝑙𝑛𝑝′
or
𝜉 = 𝑣𝑚 − Γ + 𝜆𝑙𝑛𝑝′

6.1

Where, 𝜉 is the state parameter, which is the difference between the current specific
volume (𝑣𝑚 ) and the corresponding critical state in the 𝑣𝑚 − 𝑙𝑛𝑝′ plane [see Fig. 6.2 with
examples of initially loose (a) and dense (b) samples]. Γ and 𝜆 are two constitutive
parameters and represent the intercept (reference volume) and slope of the critical state
line in the 𝑣𝑚 − 𝑙𝑛𝑝′ plane respectively.
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(a) Loose

(b) Dense

Figure 6.2 Definition of the state parameter, 𝜉 (Modified from Diambra, 2010)
The angular opening of the strength surface is related to the critical state wedge through
the ratio r (see Fig. 6.1). The relationship between r and 𝜉 can be expressed as follows
(Gajo and Wood, 1999a):
𝑟 = 1 − 𝑘𝑟 𝜉

6.2

Where, 𝑘𝑟 is a constitutive parameter, which is related to 𝜉 and is equal to 1 when 𝜉 = 0
(i.e., when the soil is at critical state).
The model is formulated in ‘normalized’ stress space because the strength surface in the
model can expand or contract according to the variation in the state parameter (𝜉). It is
also convenient to use ‘normalized’ stress space, since the sizes of the strength surface
and the yield surface are constant and only kinematic hardening occurs (Gajo and Wood,
1999a). The normalized stress can be expressed as:
𝜎̅ ′ = [𝑝̅ ′ , 𝑞̅ ′ ]𝑇

6.3
𝑞′

Where, 𝑞̅ ′ = 1− 𝑘

𝑟𝜉

, 𝑝̅ ′ = 𝑝′ (for pure sand), and 𝑝̅ ′ = 𝑝̅ ′ (for cemented and fibre reinforced

cemented sands) and defined in Eq. 6.4 below.
Liu, (2013) extended the Cam-Clay model for cemented soils and created the Structured
Cam Clay (SCC) model. For cemented, and fibre reinforced soils, the particle bonding
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will enlarge the yield surface. A modified mean effective stress parameter (see Fig. 6.3)
based on Liu’s concept is adopted in the modified Severn-Trent model in this study.
Hence, the modified mean stress parameter (𝑝̅ ′ ) is written as;
𝑝̅ ′ = 𝑝′ + 𝑞0 /𝑀∗

6.4

Where 𝑞0 is the non-zero intercept on the 𝑞̅ axis and describes the tensile stress that the
soil can bear. This can be defined for fibre, cemented, and fibre reinforced cemented sand
in q-𝑝′ plane at critical state. 𝑀∗ = Critical state strength parameter for cemented, fibre,
and fibre reinforced cemented sand, which is the value of q/𝑝′ at critical state.
Similarly, the modified stress ratio (𝜂̅ ) takes the form:
𝜂̅ =

𝑞̅ ′

6.5

𝑝̅ ′

Figure 6.3 Structured and equivalent yield surfaces (Modified from Liu, 2013)
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6.1.2

Elastic Constitutive Relation

The elasticity constitutive relation (Diambra, 2010) is given in terms of incremental
elastic stress and strain that are linked through an elastic stiffness matric, 𝐷 𝑒 :
𝜎̇ ′ = [𝐷𝑒 ]𝜀̇ 𝑒

6.6

For isotropic elasticity:
𝐷𝑒 = [

𝐾
0

0
]
3𝐺

6.7

where K and G are the elastic bulk and shear modulus, respectively and assumed to
depend on the mean effective stress. Shear modulus, G is assumed to be dependent on the
mean effective stress, which is adopted from the standard Severn Trent constitutive
model and other previous research studies (Hardin and Black, 1966; Gajo and Wood,
1999a,b; Diambra, 2010; Rotisciani and Miliziano, 2014).
The elasticity relationship in normalized stress space is found from (Gajo and Wood,
1999a):
̅ 𝑒 ]𝜀̇ 𝑒
𝜎̅ ′ = [𝐷

6.8

Where,
1

̅ 𝑒 = {1− 𝑘𝑟 𝜉
𝐷
0

𝑘𝑟 𝜆𝑞
[(1− 𝑘𝑟

𝜉)2 𝑝̅ ′

1

]} 𝐷

𝑒

−[

0
0

𝑘𝑟 𝑞𝜇
(1− 𝑘𝑟 𝜉)2 ]

0

[For cemented, fibre reinforced sand, fibre reinforced cemented sand]
Where,
̅ 𝑒 = Normalized elastic matrix;
𝐷
𝐷𝑒 = Elastic matrix;
𝑘𝑟 = Link between changes in state parameter and current strength;
𝜉 = State parameter;
𝜆 = Slope of the critical state line in the 𝑣𝑚 − 𝑙𝑛𝑝′ plane;
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6.9

𝑞 = Deviator stress;
𝑝̅ ′ = 𝑝′ (mean effective stress for pure sand), and 𝑝̅ ′ = 𝑝̅ ′ (for cemented, fibre, and fibre
reinforced cemented sand given in Eq. 6.4);
𝜇 = Poisson’s ratio.

6.1.3

Strength and Yield surfaces

The relationship for the current strength surface can be expressed as (Diambra, 2010):
𝐹(𝜎̅) = 𝑡(𝑞̅ ′ − 𝑀∗ 𝑝̅ ′ )
[For cemented, fibre reinforced sand, fibre reinforced cemented sand]

6.10

Note: 𝑝̅ ′ = 𝑝′ , and 𝑀∗ = M for unreinforced sand.
Where, M represents slope of the critical state line in 𝑞 − 𝑝′ space, 𝑀𝑐 or 𝑀𝑒 for
unreinforced sand and 𝑀∗ for reinforced sand, for triaxial compression or triaxial
extension loading conditions. In lieu of a multiaxial generalization (Gajo and Wood,
1999b), M or 𝑀∗ is assumed to be different and calculated separately for the compression
and extension tests. t = +1 for compression loading and t = -1 for extension loading. The
yield or loading surface 𝑓(𝜎̅) is assumed to be a wedge with a straight axis in the
‘normalized’ stress plane and subjected to kinematic hardening and dependent on 𝜉. The
sizes of both the strength and yield surfaces depend on (1 − 𝑘𝑟 𝜉), which reflects the
effects induced by density (pycnotropy) and mean effective stress (barotropy) on the
strength and stress-strain response of the sand. The critical state is a reference surface,
which is not involved in the computations, and which does not change in size, but
coincides with the strength surface at infinite shear strains (Gajo and Wood, 1999b). In
order to define the position of the yield surface, only the direction of its axis needs to be
defined and the direction is defined by the vector 𝛼 (see Fig. 6.4).
𝛼 = [𝛼𝑝 , 𝛼𝑞 ]

𝑇

6.11
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Figure 6.4 Illustration of the yield and strength surfaces of the Severn-Trent sand model
in normalized plane (Diambra, 2010)
The equation of the yield surface can be expressed as:
𝑓(𝜎̅) = 𝑞̅ ′ (𝛼𝑝 − 𝑡𝑛𝑦 𝛼𝑞 ) − 𝑝̅ ′ (𝛼𝑞 − 𝑡𝑛𝑦 𝛼𝑝 )
[For cemented, fibre reinforced sand, fibre reinforced cemented sand]

6.12

Note: 𝑝̅ ′ = 𝑝′ for unreinforced sand.
Where, 𝑛𝑦 represents 𝑚𝑐 or 𝑚𝑒 , for compression or extension triaxial loading conditions.
′
6𝑠𝑖𝑛𝜙𝑦

Triaxial compression: 𝑚𝑐 = 3−𝑠𝑖𝑛𝜙′

6.13

𝑦

Triaxial extension:

𝑚𝑐 =

′
6𝑠𝑖𝑛𝜙𝑦

6.14

′
3+𝑠𝑖𝑛𝜙𝑦

and 𝑠𝑖𝑛𝜙𝑦′ =𝑅𝑠𝑖𝑛𝜙′𝑐𝑠
Where 𝜙𝑦′ is the frictional angle of the yield surface at 𝜉 = 0, and R is another constitutive
parameter that links the sizes of the strength and yield surfaces at critical state.
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In plasticity theory and in ‘normalized” stress space, the direction of loading, which is
normal to the yield surface, can be expressed as:
𝑛 = [𝑛𝑝 , 𝑛𝑞 ]

6.15

Where,
𝑛𝑞 =

1
√1+𝜂
̅2

6.1.4

, and 𝑛𝑝 =

̅
−𝜂
√1+𝜂
̅2

Flow Rule

The model assumes a non-associative flow rule and has the form adopted by Gajo and
Wood, (1999a), which links the incremental volumetric and shear strain and is based on
the dilatancy rule, d:
𝑑=

𝜀̇ 𝑚𝑣
𝜀̇ 𝑚𝑞

= 𝐴[𝑀𝑐∗ (1 + 𝑘𝑑 𝜉) − 𝜂]

[For cemented, fibre reinforced sand, fibre reinforced cemented sand]

6.16

Where 𝜂 = q/p is stress ratio, A and 𝑘𝑑 are two further constitutive parameters. Note that
the flow rule of the original Cam-Clay model is recovered when A = 1 and 𝑘𝑑 = 0. The
unit normal vector of the plastic flow can be expressed as (Diambra, 2010):
𝑚 = [𝑚𝑝 , 𝑚𝑞 ]

𝑇

6.17

Where,
𝑑

𝑚𝑝 = √1+𝑑2
𝑑

𝑚𝑞 = √1+𝑑2

6.1.5

Hardening Rule

The hardening behaviour is characterized by the hardening parameter H and can be
expressed as (Diambra, 2010):
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𝐻=

𝑏2

6.18

𝐵𝑏𝑚𝑎𝑥

Where B is a constitutive parameter, and b depends on the distance between the actual
stress and its image on the bounding surface, and is defined in normalized stress space as:
̅)
𝑏 = 𝑛𝑞 (𝑞̅′ 𝑐 − 𝑞′

6.19

̅ is the actual stress state. 𝑏𝑚𝑎𝑥 is
Where, 𝑞̅′ 𝑐 is the image on the bounding surface and 𝑞′
the maximum possible value of b in normalized stress space and expressed as:
𝑏𝑚𝑎𝑥 = 𝑛𝑞 [(𝑀𝑐∗ − 𝑀𝑒∗ ) − (𝑚𝑐∗ − 𝑚𝑒∗ )]𝑝̅ ′
[For cemented, fibre reinforced sand, fibre reinforced cemented sand]

6.20

Where 𝑀∗ = M for unreinforced sand and 𝑚𝑐∗ 𝑜𝑟 𝑚𝑒∗ = slope of the yield locus with
respect to its axis on the compression or extension (calculated using Eq. 6.13-6.14). The
hyperbolic relationship between ‘normalized’ stress and strain increments can be
expressed as:
𝑝

1

𝜀 ̇𝑚 = 𝐻 𝑛𝑇 𝜎̅̇𝑚

6.1.6

6.21

The Elasto-Plastic Stress-Strain Constitutive Relationships

The elasto-plastic stress-strain constitutive relation in normalized stress space can be
expressed as (Diambra, 2010):
̅̅̅̅𝑒 −
𝜎̅̇𝑚 = [𝐷

̅̅̅̅̅
𝐷 𝑒 𝑚∗ 𝑛𝑇 ̅̅̅̅
𝐷𝑒
] 𝜀̇𝑚
𝑒
∗
̅̅̅̅̅
𝐻+𝐷 𝑚 𝑛𝑇

6.22

Where, 𝑚∗ is the unit normal vector of the plastic flow in the normalized stress space and
relationship between 𝑚∗ and 𝑚 is:
−1 0
𝑚 = 𝑚 + ̅̅̅̅
𝐷𝑒 [
0
∗

𝑘𝑟 𝑞𝜇
(1− 𝑘𝑟 𝜉)2 ] 𝑚

6.23

0
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6.1.7

The Consistency Condition

The consistency condition has the form used by Gajo and Wood (1999a), which ensures
that during yielding, the stress state remains on the yield surface. As a result, since the
yield surface moves asymptotically towards the strength surface, the consistency
condition also ensures that the stress state will never lie outside the strength surface. It is
convenient to work from the consistency condition described in ‘normalized’ stress plane,
where neither the strength surface nor the yield surface changes in size and the yield
surface is only subjected to kinematic hardening.
𝜕𝑓
̅
𝜕𝜎

𝛿𝜎̅ +

𝜕𝑓
𝜕𝛼

𝛿𝛼 = 0

6.24

Where:
𝜕𝑓
𝜕𝑞̅
𝜕𝑓
𝜕𝑝̅

= 𝛼𝑝 − 𝑚𝑐 𝛼𝑞
= −𝛼𝑞 + 𝑚𝑐 𝛼𝑝

𝜕𝑓
𝜕𝛼𝑞
𝜕𝑓
𝜕𝛼𝑞

= −𝑝 − 𝑚𝑐 𝑞̅

[Unreinforced Sand]

= −𝑝̅ ′ − 𝑚𝑐∗ 𝑞̅

[For cemented, fibre reinforced sand, fibre reinforced cemented sand]
𝜕𝑓
𝜕𝛼𝑝
𝜕𝑓
𝜕𝛼𝑝

= 𝑞̅ + 𝑚𝑐 𝑝

[Unreinforced Sand]

= 𝑞̅ + 𝑚𝑐∗ 𝑝̅ ′

[For cemented, fibre reinforced sand, fibre reinforced cemented sand]
The translation rule for the change in the unit vector 𝛼 requires that 𝛿𝛼, which is
necessarily orthogonal to 𝛼, should be proportional to the component of (𝜎̅𝑐 - 𝜎̅)
orthogonal to 𝛼. In the 𝑞̅ − 𝑝̅ ′ plane, the components of 𝛿𝛼 are,
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𝛿𝛼𝑞 = 𝜇(𝑞̅𝑐 − 𝑞̅ )𝛼𝑝 𝛼𝑝

6.25

𝛿𝛼𝑝 = 𝜇(𝑞̅𝑐 − 𝑞̅ )𝛼𝑝 𝛼𝑞

6.26

Where 𝜇 is a scalar quantity which can be deduced from the above equations.

6.2 Calibration and Validation of Matlab Code
In this section, validation of the Matlab code is presented and comparison is made to
standard Severn-Trent constitutive model simulations previously presented by Gajo and
Wood, (1999a). Initially, values of soil parameters used by Gajo and Wood (1999a) for
Hostun sand [presented in Table 6.1] are adopted to validate the code. Next, values of soil
parameters for Toyoura sand used by Rotisciani and Miliziano, 2014 [presented in Table
6.2] are adopted to further validate the code. These two sands are described in further
detail below. The modified model is then refined using inverse analysis (e.g. parametric
study, suggested in the literature, range of parameters obtained in this study, and trial and
error) of experimental data to extract the input parameters (Table. 6.3). The extracted
parameters are used to predict the response of those experiments until a reasonable (e.g.
± 5-10% peak strength) comparison is obtained.

6.2.1

Hostun Sand Simulations

Hostun sand is a European standard sand employed for laboratory testing in many
experimental studies. Its particles have a high siliceous component (SiO2>98%) and the
grain shape varies from angular to sub-angular. Its basic physical properties are as
follows: mean grain size D50 = 0.32 mm, coefficient of uniformity Cu = 1.70, coefficient
of gradation Cg = l.1, specific gravity Gs = 2.65 and minimum and maximum void ratios
emin = 0.62 and emax = 1.0, respectively (Ibraim, 1998, Diambra, 2010).
Figures 6.5-9 shows the comparison of the simulated deviator stress versus axial strain,
stress path, and volumetric behaviour obtained using the Matlab code with the Gajo and
Wood (1999a) model parameters presented in Table. 6.1. The figures validate the code
and give good comparison (e.g., peak strength, stress path, volumetric behaviour) with
the previously published simulations of the behaviour of pure Hostun sand.
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Table 6.1 Soil parameters of Hostun sand (Gajo and Wood, 1999a)
Parameters
𝐺
𝜇
𝜙′𝑐𝑠
Γ
𝜆
𝑘𝑟
𝐵
𝑅
𝐴
𝑘𝑑

Description
Elastic shear modulus
Poisson’s ratio
Critical-state friction angle
Intercept for critical state line 𝜐𝑚 −
ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒 at 𝑝′ = 1 kPa
Slope of the critical-state line on 𝜐𝑚 −
ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒
Link between changes in state parameter
and current strength
Parameter controlling hyperbolic
stiffness relationship
Ratio of sizes of the yield and strength
surfaces
Multiplier in flow rule
State parameter contribution in flow rule

Value
G0/2.5
0.1
31𝜊
1.969
0.03
2.0
0.0016
0.1
0.90
1.0

Figure 6.5 Simulated drained behaviour of loose (e0 = 0.6) and dense (e0 = 0.9) samples
of Hostun sand consolidated at mean effective stress of 100 kPa

231

Figure 6.6 Simulated drained behaviour of Hostun sand at varying void ratios
consolidated at mean effective stress of 300 kPa
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Figure 6.7 Simulated undrained behaviour of Hostun sand at varying void ratios
consolidated at mean effective stress of 200 kPa
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Figure 6.8 Simulated drained behaviour of Hostun loose sand prepared at void ratio (e0 =
0.84) consolidated at varying mean effective stresses
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Figure 6.9 Simulated drained behaviour of Hostun dense sand prepared at void ratio (e0 =
0.59) consolidated at varying mean effective stresses

6.2.2

Toyoura Sand Simulations

Toyoura sand is a Japanese benchmark sand, and again is a well-known laboratory test
sand. Based on previous investigations of Toyoura sand, it is composed of 75% quartz,
22% feldspar, and 3% magnetite and can be found primarily on the coastal regions of the
Pacific Ocean in Japan (Lam and Tatsuoka, 1988; De and Basudhar, 2008; Schmidt,
2015). The particle distribution has a uniformity coefficient (Cu) of 1.24. The soil has a
minimum void ratio (emin) of 0.62, a maximum void ratio (emax) of 0.95, and a specific
gravity of 2.65. Toyoura sand has been described as an angular to sub-angular, fine
grained and poorly graded sand, which is confirmed by a low coefficient of uniformity
and coefficient of curvature, according to the classification of SP by the Unified Soil
Classification System (USCS) (Oda, 1977; Hyodo et. al., 1994; Bellotti et. al., 1997;
Whitlow, 2001; Wang et. al., 2002; Schmidt, 2015).
In this section, further validation of the Matlab code is presented and comparison is made
to standard Severn-Trent constitutive model simulations presented by Rotisciani and
Miliziano, (2014), and the experimental results of Ishihara, (1993). Values of soil
parameters for Toyoura sand used by Rotisciani and Miliziano, 2014 [presented in Table
6.2] are adopted to validate the code.
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Table 6.2 Soil parameters of Toyoura sand (Rotisciani and Miliziano, 2014)
Parameters
𝐺
𝜇
𝜙′𝑐𝑠
Γ
𝜆
𝑘𝑟
𝐵
𝑅
𝐴
𝑘𝑑

Description
Elastic shear modulus
Poisson’s ratio
Critical-state friction angle
Intercept for critical state line 𝜐𝑚 −
ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒 at 𝑝′ = 1 kPa
Slope of the critical-state line on 𝜐𝑚 −
ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒
Link between changes in state parameter
and current strength
Parameter controlling hyperbolic
stiffness relationship
Ratio of sizes of the yield and strength
surfaces
Multiplier in flow rule
State parameter contribution in flow rule

(a)
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Value
G0
0.1
32𝜊
1.97
0.013
2.0
0.0016
0.05-0.1
0.50
1.7

(b)

(c)
Figure 6.10 Simulated and experimental drained and undrained behaviour of Toyoura
sand prepared at different void ratios consolidated at mean effective stresses of 100 kPa
Figure 6.10a shows the comparison of the simulated deviator stress versus axial strain
behaviour obtained using the current Severn Trent model with the Rotisciani and
Miliziano (2014) model, and the Ishihara (1993) experimental results. The figure further
validates the code and gives reasonable comparison (e.g., peak strength and stress path
behaviour) with the previously published experimental results and predictive behaviour
of pure Toyoura sand.
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Figures 6.10b-c show the comparison of the simulated deviator stress versus axial strain
and stress path behaviour obtained using the current Severn Trent model with the
Rotisciani and Miliziano (2014) model, and the Woo and Salgado (2015) experimental
results. The figures further validate the code and give reasonable comparison (e.g., peak
strength) with the previously published experimental results and predictive behaviour of
pure Toyoura sand.

6.2.3

Selection of the Model Input Parameters

The constitutive parameters of the modified Severn-Trent constitutive model are: two for
describing the elastic behaviour and nine for defining the plastic behavior. These
parameters are assumed to be sufficient for describing the mechanical behaviour of pure
sand, fibre, cemented, fibre reinforced cemented, and silty sand at any density and at any
mean effective stress. However, the modified model keeps the assumption of the standard
model that the stress level should not be so large as to induce grain crushing.

6.2.3.1

Elastic Parameters

Whilst from a theoretical point of view a constant value of G is preferred (Zytynsky et.
al., 1978), since elastic stress cycles are not guaranteed to be reversible, experimental
evidence does indicate that G varies with stress level. Hence, the elastic parameters have
been deduced from the following empirical relationship proposed by Hardin and Black
(1966) and adopted in several other research studies (Gajo and Wood, 1999a; Rotisciani
and Miliziano, 2014), concerning the dependence of the small strain shear modulus G0 on
the specific volume 𝑣𝑚 and mean effective pressure, p’, for an angular quartz sand. The
equation to compute the small-strain shear modulus is given below.
𝐺0 = 3230

(3.97−𝑣𝑚 )2
𝑣𝑚

√𝑝̅ ′

6.27

Where, 𝑝̅ ′ = 𝑝′ for unreinforced sand, and both G0 and p’ are in kPa.
In this thesis, the parameter R, defining the size of the elastic region, was taken as 0.050.1 [Rotisciani and Miliziano, (2014)], because the assumed size of the elastic region is
quite likely to be larger than the actual size of the truly small-strain “elastic” region for
the sand. Thus, there is an element of compromise in the selection of this parameter (Gajo
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and Wood, 1999a). It has therefore been assumed that the effective value of the elastic
shear modulus used in the model should be a fraction of G0, namely G = G0/2.5. This
assumption is the same as that for the original Severn Trent model proposed by Gajo and
Wood (1999a). Gu et. al., (2013) reported that Poisson's ratio of sands is generally in the
range of 0.18-0.32 for various void ratios and confining pressures. The value of Young's
modulus E is deduced assuming a Poisson's ratio, 𝜇 of 0.25 for the dense Toyoura sand
(Gajo and Wood, 1999a; Gu et. al., 2013). Gajo and Wood (1999a) and Rotisciani and
Miliziano (2014) used 0.1 as a value for loose Hostun and Toyoura sand, and it should be
noted that Poisson’s ratio, 𝜇, does not significantly affect the simulation behaviour of the
material. Therefore, a typical value of 0.25 is adopted in this study from values presented
in the literature for Toyoura sand. For correct simulation of laboratory tests on sand, the
selected G and 𝜇 should be coupled; the higher G is, the smaller 𝜇. In this way, the bulk
modulus K does not become excessively large (Gajo and Wood, 1999a; Gu et. al., 2013;
Rotisciani and Miliziano, 2014).

6.2.3.2
The

Plastic Parameters

modified

Severn-Trent

constitutive

model

requires

nine

(𝑀∗ , 𝑞0 , Γ, 𝜆, 𝑘𝑟 , 𝐵, 𝑅, 𝐴, 𝑘𝑑 ) to describe the plastic behaviour.
Plastic parameters used are:
𝜙′𝑐𝑠 = Critical state friction angle;
Γ = Intercept for critical state line in 𝑣𝑚 − 𝑙𝑛𝑝′ plane at 𝑝′ = 1 kPa;
𝜆 = Slope of the critical state line in 𝑣𝑚 − 𝑙𝑛𝑝′ plane;
𝑘𝑟 = Link between variation in current strength and state parameter;
𝐵 = Hyperbolic stiffness parameter (Eq. 6.18);
𝑅 = Ratio of size of the yield and strength surfaces;
𝐴 = Flow rule multiplier;
𝑘𝑑 = State parameter contribution in flow rule;
𝑀∗ = Slope of the critical state line for reinforced sand;
𝑞0 = Tensile stress for cemented/reinforced sand on deviator stress axis.
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parameters

The values of the model parameters needed for describing the plastic behaviour of the
Toyoura sand, cement, fibre, and fibre reinforced cemented sand materials are listed in
Table. 6.3 with a clear descriptions of their physical meanings. The plastic parameters
have been adopted based on the calibration excercises presented in the earlier sections on
Hostun and Toyoura sand, parametric study presented in Appendix G, experimental
results performed in this study (Chapter 4 and 5), and consideration of the results
published in the literature (e.g., Ishihara, 1993; Gajo and Wood, 1999a, Diambra, 2010;
Rotisciani, 2010; Rotisciani and Miliziano, 2014). A feel for the influence of a few model
parameters, (e.g., A, B, kr, kd, and 𝜙′𝑐𝑠 ) on the predictive capability of the model is given
in Figure 6.11. The results of a more detailed parametric study are presented in Appendix
G, which provides an overview of the effect of each parameter on the mechanical
behaviour (e.g., initial stiffness, peak strength, critical state strength, dilatancy behaviour
etc…).

Multiplier in flow rule
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Multiplier in flow rule

Hyperbolic stiffness parameter

Hyperbolic stiffness parameter
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Link between changes in state parameter and
current strength

Link between changes in state parameter and
current strength

State parameter contribution in flow rule

242

State parameter contribution in flow rule

Critical state friction angle

Critical state friction angle

Figure 6.11 Parametric analysis of the effects induced by the various constitutive
parameters on the simulated drained behaviour of a dense sample of Toyoura sand
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Figure 6.11 shows that for the drained behaviour of Toyoura sand, kr has the most
important effect on the stress-strain response, since it significantly increases the peak
strength; an increase of A leads to a more rapid softening and an increase of B leads to a
lower stiffness. The volumetric behaviour is mainly affected by A and, to a much lesser
extent, by kr and kd, whereas B has a smaller effect.
A brief description of the methods used to obtain the constitutive model parameters and
the range of values adopted is presented here. More details of the model parameters can
also be found in several previous research studies (e.g., Ishihara, 1993; Wood et. al.,
1994; Gajo and Wood, 1999a,b; Diambra, 2010; Rotisciani, 2010; Rotisciani and
Miliziano, 2014; Schmidt, 2015). For the fibre, cement, and fibre reinforced cemented
sand, a detailed parametric study was performed to identify suitable model parameters for
predicting the mechanical response. The model parameters (see Table. 6.3) were chosen
from the experience gained in calibrating the model for Hostun and Toyoura sand. In
addition, several correlations were proposed for the individual model parameters for
fibre, cemented and fibre reinforced cemented Toyoura sand (see Fig. 6.12).
The range of values for the constitutive parameter, R (ratio of the sizes of the yield and
strength surfaces) can vary between a minimum value of 0.05 and maximum value of 0.1
(Gajo and Wood, 1999a; Rotisciani and Miliziano, 2014) for unreinforced and reinforced
Toyoura sand. The slope of the critical state line, 𝜆 in the 𝜐𝑚 − ln 𝑝′ plane and the
intercept for the critical state line, Γ at 𝑝′ = 1 kPa, and values of 𝜆 = 0.013 and Γ = 1.97,
are used for Toyoura sand (see Fig. 6.12e). A constant value of the critical state friction
angle, 𝜙′𝑐𝑠 of 30° is chosen for pure Toyoura sand, which is evaluated based on
experimental results (see Fig. 6.12a-b) and previously published studies (e.g., Been et. al.,
1991; Ishihara, 1993; Rotisciani, 2010; Rotisciani and Miliziano, 2014; Schmidt, 2015) to
obtain reasonable comparison with the experimental results. For fibre, cement, and fibre
reinforced cemented sand the critical state friction angle, 𝜙′𝑐𝑠 varies between 30° to 36°
(see Fig. 6.12a-b) and is used for the model simulations. The slope of the critical state
line varies between 1.20-1.72 and deviator stress intercept varies from 0-222 kPa for
unreinforced and reinforced sand (Chapter 4).
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The additional parameters needed for modeling the plastic behaviour of Toyoura sand
and reinforced sand are determined following a method of trial and error and based on
previously published studies (e.g. Gajo and Wood; 1999a,b; Diambra, 2010; Rotisciani,
2010; Rotisciani and Miliziano, 2014). Initially, the mean values in the ranges proposed
by Gajo and Wood (1999a,b) were used and once the set of constitutive parameters was
completely defined, then the triaxial compression and extension tests can be simulated
(Rotisciani and Miliziano, 2014). For Toyoura sand, the values for fitting parameters, A,
B, 𝑘𝑟 , and kd, are assumed to be 0.5, 0.0016, 2.0, and 1.7, respectively, which fall within
the ranges suggested by Gajo and Wood (1999 a,b) and Rotisciani and Miliziano (2014).
For reinforced specimens, the values for the fitting parameters, A, B, 𝑘𝑟 , and kd, were
varied between 0.5-0.77, 0.0005-0.0017, 1.0-2.04, and 1.65-1.83, respectively. These
parameters (e.g., Table 6.3) are specific to the present model and need to be evaluated by
a trial and error procedure, whereas the other parameters, at least in principle, can be
determined from more or less standard laboratory tests and/or can be adopted from the
literature.
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Table 6.3 Constitutive model parameters for Toyoura sand, cemented, fibre, and fibre
reinforced cemented sand
Parameter

Description

Toyoura
Sand

Cemented
Sand
(0-3%)

𝐺

Elastic shear
modulus

G0/2.5

𝜇
𝜙′𝑐𝑠

Poisson’s ratio
Critical-state
friction angle
Intercept for
critical state line
𝜐𝑚 − ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒
at 𝑝′ = 1 kPa
Slope of the
critical-state line
on 𝜐𝑚 −
ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒
Link between
changes in state
parameter and
current strength
Parameter
controlling
hyperbolic
stiffness
relationship
Ratio of sizes of
the yield and
strength surfaces
Multiplier in flow
rule
State parameter
contribution in
flow rule
Slope of the
critical state line
Deviator stress
intercept in 𝑞 −
p′ 𝑝𝑙𝑎𝑛𝑒

Γ

𝜆

𝑘𝑟

𝐵

𝑅
𝐴
𝑘𝑑
𝑀∗

𝑞0 (kPa)

G0/2.5

Fibre
reinforced
sand
(0-3%)
G0/2.5

Fibre reinforced
cemented sand
(0-3% cement
and 0-3% fibre)
G0/2.5

0.25
30𝜊

0.25
30 − 32𝜊

0.25
32 − 34𝜊

0.25
34 − 36𝜊

(Assumed from
Gajo and Wood,
1999)
Assumed
Fig. 6.12a-b

1.97

1.97-1.98

1.98

2.0-2.03

Fig. 6.12c-e

0.013

0.013

0.013

0.013

Fig. 6.12e

1.0

2.0-2.02

2.01

2.02-2.04

0.0016

0.00050.0016

0.00170.0018-

-0.0014-0.0015

(Gajo and Wood,
1999; Rotisciani
and Miliziano,
2014)
(Gajo and Wood,
1999)

0.05

0.05-0.10

0.06-0.07

0.07-0.10

(Gajo and Wood,
1999)

0.50

0.5-0.60

0.63-0.72

0.67-0.77

1.65

1.65-1.69

1.69-1.75

1.72-1.83

(Gajo and Wood,
1999)
(Gajo and Wood,
1999)

1.20

1.20-1.29

1.29-1.37

1.42-1.72

Table. 4.13

0

30-48

66-118

148-222

Chapter 4-5
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Source of value

(a)

(b)
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(c)

(d)
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(e)

(f)
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(g)

(h)
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(i)

(j)
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(k)

(l)

252

(m)

(n)

253

(o)
Figure 6.12 Derivation and selection of model parameters for the Toyoura sand, cement,
fibre, and fibre reinforced cemented Toyoura sand

6.3 Constitutive Model Predictions of Drained
Undrained Responses of Toyoura Sand
6.3.1

and

Comparison of Measured and Predicted Response for
Toyoura Sand in Drained Conditions

The following sections show the comparison of the modified Severn Trent model
simulations with the experimental results in Chapter 4 for consolidated drained triaxial
compression and extension tests in deviatoric stress versus axial strain and volumetric
strain versus axial strain planes for unreinforced Toyoura sand specimens. The model
simulations are considered satisfactory when a reasonable comparison for peak strength
(e.g. ± 5%) is obtained.
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6.3.1.1
6.3.1.1.1

Compression and Extension Tests
Deviator Stress vs Axial Strain response

Figure 6.13 illustrates that the modified Severn Trent model simulations capture the
typical stress-strain behaviour with reasonable accuracy for a range of effective
consolidation stresses. However, for the medium effective stress (200 kPa), the model
simulation shows slightly stiffer behaviour compared to experimental results. In addition,
a slight deviation in capturing the critical state behaviour in extension loading for higher
effective stress (400 kPa) is also observed.

Compression

Extension

Figure 6.13 Experimental results and model simulations of deviatoric stress versus axial
strain from CID compression and extension tests for pure Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 50-400 kPa

6.3.1.1.2

Volumetric Strain Response

Figure 6.14 illustrates the volumetric strain versus axial strain behaviour, and it shows
that the modified Severn Trent model simulations also accurately capture the low-strain
compression and dilatancy behaviour for the range of effective stresses. However, it is
observed that a slight variation occurs in capturing the small-strain compression
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behaviour for medium effective stress (200 kPa). The model simulations are considered
satisfactory when a reasonable comparison (e.g. ± 5%) of volumetric strain at 15% axial
strain is obtained.

Extension

Compression

Figure 6.14 Experimental results and model simulations of volumetric strain versus axial
strain from CID compression tests for unreinforced Toyoura sand specimens consolidated
to effective Cambridge stress (p’) of (a) 50 kPa (b) 100 kPa (c) 200 kPa (d) 400 kPa

6.3.2

Comparison of Measured and Predicted Response for
Toyoura Sand in Undrained Condition

The following sections show the comparison of the modified Severn Trent model
simulations with the experimental results (Chapter 4) for consolidated undrained triaxial
compression and extension tests in deviatoric stress versus axial strain and stress paths
behaviour for fibre reinforced Toyoura sand.
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6.3.2.1

Compression and Extension Tests

6.3.2.1.1

Deviator Stress vs Axial Strain Response

Figure 6.15 illustrates that the model simulations capture the typical stress-strain
behaviour of experimental investigations with reasonable accuracy for the range of
effective stresses (e.g. 50, 100, 200, and 400 kPa). The model simulations predicted a
slightly weaker and response for the low strain range and slightly higher response in the
large strain range for the case of medium effective stress (e.g. 200 kPa). However, the
model simulations show good comparison with the experimental results for the remaining
effective stresses.

Compression

Extension

Figure 6.15 Experimental results and model simulations of deviatoric stress versus axial
strain from CIU compression tests for unreinforced Toyoura sand specimens consolidated
to effective Cambridge stress (p’) of 50-400 kPa

6.3.2.1.2

Stress Path Response

Figure 6.16 illustrates the experimental results and model simulations of stress paths from
consolidated undrained compression and extension tests for the unreinforced Toyoura
sand specimens consolidated to effective Cambridge stresses of (e.g. 50, 100, 200, and
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400 kPa). In general, the model simulations capture the initial decrease in effective stress
and then increase with reasonable accuracy for the range of effective consolidation
stresses. However, it can be seen that the slope of the critical state line for model
simulations is slightly greater than the experimental stress paths. This deviation is more
pronounced for the extension tests for higher effective stresses and these stress paths
show more differences between the experiments and simulations.

Figure 6.16 Experimental results and model simulations of stress paths from CIU
compression tests for unreinforced Toyoura sand specimens consolidated to effective
Cambridge stress (p’) of 50-400 kPa

6.4 Validation of Constitutive Model to Predict the
Consolidated Drained and Undrained Response of
Cemented Sand
The following sections show the comparison of the modified Severn Trent model
simulations with experimental results (Chapter 4) for consolidated drained triaxial
compression tests in deviatoric stress versus axial strain and volumetric strain versus
axial strain planes for cemented sand.
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6.4.1
6.4.1.1

Compression Tests
Deviator Stress vs Axial Strain Response

Figure 6.17-19 shows the experimental results and model simulations of consolidated
drained and undrained compression tests for 0%, 1%, 2%, and 3% cement reinforced
Toyoura sand specimens. A reasonable comparison between experimental results and
model simulations can be observed in the drained tests. In addition, the model is able of
capturing the initial stiffness increase and mildly brittle behaviour at critical state with
increasing percentage of cement. However, in volumetric strain response a slight
deviation is observed in the large strain range (see Fig. 6.17b). Overall, the increase in
dilatancy of cemented sand with differing percentages of cement contents can be
reasonably predicted with the modified Severn-Trent model. The cemented and fibre
reinforced cemented specimens were only cured for 3 days, hence, mildly brittle
behaviour with limited strain-softening is captured with reasonable accuracy.
For consolidated undrained tests, the stress strain and stress path behaviour show slight
deviation from the experimental results and the model requires further adjustments in
parameters for the cemented specimens. However, the general CIU behaviour in
compression is captured with reasonable accuracy.
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(a)

(b)
Figure 6.17 Experimental results and model simulations of CID compression tests for
cement reinforced Toyoura sand specimens consolidated to effective Cambridge stress
(p’) of 100 kPa (a) Deviatoric strain versus axial strain (b) Volumetric strain versus axial
strain
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Figure 6.18 Experimental results and model simulations of deviatoric stress versus axial
strain response from CIU compression tests for cement reinforced Toyoura sand
specimens consolidated to effective Cambridge stress (p’) of 100 kPa
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Figure 6.19 Experimental results and model simulations of stress path response from CIU
compression tests for cement reinforced Toyoura sand specimens consolidated to
effective Cambridge stress (p’) of 100 kPa

6.5 Validation of Constitutive Model to Predict the
Consolidated Drained and Undrained Response of
Fibre Reinforced Sand
6.5.1

Comparison of Measured and Predicted Response for Fibre
Reinforced Toyoura Sand in Drained Condition

The following sections show the comparison of the modified Severn-Trent model
simulations with experimental results (Chapter 4) for consolidated drained triaxial
compression and extension tests in deviatoric stress versus axial strain and volumetric
strain versus axial strain planes for fibre (only) reinforced Toyoura sand.

6.5.1.1
6.5.1.1.1

Compression and Extension Tests
Deviator Stress vs Axial Strain Response

Figure 6.20 illustrates the experimental results and model simulations of deviatoric stress
versus axial strain from consolidated drained compression and extension tests for 1%,
and 3% fibre reinforced Toyoura sand specimens. In general, the model captures the
typical stress-strain behaviour reasonably well in triaxial compression loading conditions,
but slightly higher responses are observed for triaxial extension loading conditions at
higher effective stress (e.g., 400 kPa). For higher fibre contents (3%) and higher effective
stresses (200-400 kPa), the model captures slightly stiffer behaviour compared to the
experimental results for fibre reinforced sand.
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Compression

Extension

(a)

Compression

Extension

(b)
Figure 6.20 Experimental results and model simulations of deviatoric stress versus axial
strain from CID compression and extension tests for (a) 1% (b) 3% fibre reinforced
Toyoura sand specimens
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6.5.1.1.2

Volumetric Strain Response

Figure 6.21 shows the experimental results and model simulations of volumetric strain
versus axial strain from consolidated drained triaxial compression and extension tests for
1%, and 3% fibre reinforced Toyoura sand specimens. Overall, the model simulations
capture the response with reasonable accuracy. However, it can be seen that the model
simulations show more dilative response at medium to large strains. The more dilative
behaviour at large strains is more pronounced for the simulations in extension loading. In
addition, it can be seen that the model simulations show more dilative behaviour
compared to experimental results at small to medium strains (1-4%) in compression
loading conditions.

Compression

Extension

(a)
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Extension

Compression

(b)
Figure 6.21 Experimental results and model simulations of volumetric strain versus axial
strain from CID compression and extension tests for (a) 1% (b) 3% fibre reinforced
Toyoura sand specimens

6.5.2

Comparison of Measured and Predicted Response for Fibre
Reinforced Toyoura Sand in Undrained Condition

6.5.2.1
6.5.2.1.1

Compression and Extension Tests
Deviator Stress vs Axial Strain Response

Figure 6.22 shows the experimental results and model simulations of deviatoric stress
versus axial strain from consolidated undrained compression and extension tests for 1%,
and 3% fibre reinforced Toyoura sand specimens. A reasonable comparison between
experimental results and model simulations can be observed in both compression and
extension loading conditions. However, it is noticed that the model simulations for 1-3%
fibre reinforced specimens subjected to higher effective stresses (e.g., 200-400 kPa) show
slightly higher stress strain response compared to the experimental results.
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Compression

Extension

(a)

Compression

Extension

(b)
Figure 6.22 Experimental results and model simulations of deviatoric stress versus axial
strain from CIU compression and extension tests for (a) 1% (b) 3% fibre reinforced
Toyoura sand specimens
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6.5.2.1.2

Stress Path Response

Figure 6.23 illustrates the experimental results and model simulations of stress paths from
consolidated undrained compression and extension tests for 1%, and 3% fibre reinforced
Toyoura sand specimens consolidated to various effective Cambridge stresses (e.g. 50,
100, 200, and 400 kPa). In general, the model simulations capture the initial decrease in
effective stress and then increase with reasonable accuracy for the range of effective
consolidation stresses. However, it can be seen that the slope of the critical state line for
model simulations is slightly higher in compression loading and slightly lower in
extension. This decrease in the slope of the critical state line for model simulations for
extension tests is more prominent for higher effective stresses (e.g., 200-400 kPa).

(a)
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(b)
Figure 6.23 Experimental results and model simulations of stress paths from CIU
compression and extension tests for (a) 1% (b) 3% fibre reinforced Toyoura sand
specimens

6.6 Validation of Constitutive Model to Predict the
Consolidated Drained and Undrained Response of
Fibre Reinforced Cemented Sand
6.6.1

Comparison of Measured and Predicted Response for Fibre
Reinforced Cemented Toyoura Sand in Drained Condition

The following sections show the comparison of the modified Severn Trent model
simulations with the experimental results (Chapter 4) for consolidated drained triaxial
compression and extension tests in deviatoric stress versus axial strain and volumetric
strain versus axial strain planes for fibre reinforced cemented Toyoura sand.
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6.6.1.1
6.6.1.1.1

Compression and Extension Tests
Deviator Stress vs Axial Strain Response

Figure 6.24 shows the experimental results and model simulations of deviatoric stress
versus axial strain from consolidated drained compression and extension tests for 1%,
and 3% fibre reinforced Toyoura sand specimens with 3% cement. A reasonable
comparison between experimental results and model simulations can be observed in both
compression and extension loading conditions. However, it can be noticed that the model
simulations for 3% cement reinforced with 1%, and 3% fibre reinforced specimens
subjected to higher effective stresses show slightly higher stress strain response when
subjected to triaxial extension loading conditions. In addition, model simulations for
higher effective stresses (200-400 kPa) in compression, shows slightly stiffer behaviour
compared to the experimental results.

Compression

Extension

(a)
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Compression

Extension

(b)
Figure 6.24 Experimental results and model simulations of deviatoric stress versus axial
strain from CID compression and extension tests for 3% cement and (a) 1% (b) 3% fibre
reinforced cemented Toyoura sand specimens

6.6.1.1.2

Volumetric Strain Response

Figure 6.25 shows the experimental results and model simulations of volumetric strain
versus axial strain from consolidated drained triaxial compression and extension tests for
1%, and 3% fibre reinforced Toyoura sand specimens with 3% cement. Overall, the
model simulations capture the response with reasonable accuracy. However, it can be
seen that the experimental results show slightly more dilative response in the smallmedium strains when subjected to triaxial extension loading conditions. In addition, the
model simulations for 3% cement and 3% fibre, show slightly higher compression
compared to the experimental test. Hence, it shows that the model parameters need
further adjustments to capture the volumetric strain response in extension loading with
reasonable accuracy for the fibre reinforced specimens with higher cement and fibre
contents.
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Extension

Compression

(a)

Extension

Compression

(b)
Figure 6.25 Experimental results and model simulations of volumetric strain versus axial
strain from CID compression and extension tests for 3% cement and (a) 1% (b) 3% fibre
reinforced cemented Toyoura sand specimens
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6.6.2

Comparison of Measured and Predicted Response for Fibre
Reinforced Cemented Toyoura Sand in Undrained Condition

The following sections show the comparison of the modified Severn Trent model
simulations with the experimental results (Chapter 4) for consolidated undrained triaxial
compression and extension tests in deviatoric stress versus axial strain and stress paths
response for fibre reinforced cemented Toyoura sand.

6.6.2.1
6.6.2.1.1

Compression and Extension Tests
Deviator Stress vs Axial Strain Response

Figure 6.26 shows the experimental results and model simulations of deviatoric stress
versus axial strain from consolidated undrained compression and extension tests for 1%,
and 3% fibre reinforced Toyoura sand specimens with 3% cement. A reasonable
comparison between experimental results and model simulations can be observed in both
compression and extension loading conditions.

Compression

Extension

(a)
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Compression

Extension

(b)
Figure 6.26 Experimental results and model simulations of deviatoric stress versus axial
strain from CIU compression and extension tests for 3% cement and (a) 1% (b) 3% fibre
reinforced cemented Toyoura sand specimens

6.6.2.1.2

Stress Path Response

Figure 6.27 shows the experimental results and model simulations of stress paths from
consolidated undrained triaxial compression and extension tests reinforced with 1% and
3% fibres with 3% cement. A reasonable comparison between the experimental results
and model simulations can be seen for fibre reinforced cemented specimens in triaxial
compression and extension loading conditions. However, it can be noticed that the slope
of the critical state line for model simulations is slightly greater in compression loading
and a slightly lower in extension loading when compared with the experimental results.
Hence, further adjustments to the model parameters may be necessary to simulate the
stress path behaviour of the fibre reinforced cemented specimens.
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(a)

(b)
Figure 6.27 Experimental results and model simulations of stress paths from CIU
compression and extension tests for 3% cement and (a) 1% and (b) 3% fibre reinforced
cemented Toyoura sand specimens
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6.7 Supplementary Predictive Analyses
During the execution of the research in this thesis, it was noted that there are other
aspects of the testing that may affect the mechanical response of the unreinforced and
reinforced Toyoura sand specimens. Hence, several additional studies (e.g. curing
duration, silt content, density variation) were performed to supplement the work and
provide understanding of the effect of these parameters on the behaviour of tested
materials. In the following sections, model simulations are compared with the
experimental results obtained from the sub-studies on curing duration, density variation,
and silty sand.

6.7.1

Curing Duration

The parameters influencing the stress-strain behaviour of cemented sand are critical state
friction angle (30𝑜 -36𝑜 ), intercept for critical state line (1.97-2.05), parameters
controlling the link between changes in state parameter and current strength (1.0-2.05),
and hyperbolic stiffness relationship (0.0005-0.0016), ratio of sizes of the yield and
strength surfaces (0.05-0.12), and state parameter contribution in flow rule (1.65-2.0).
The effect of each parameter (e.g., increase in strength, dilatancy, and stiffness due to the
increase in parameter kr, Γ, 𝜙′𝑐𝑠 , 𝑞0 , and decrease in B parameter) on the mechanical
behaviour of Toyoura sand is studied in greater detail in the parametric study presented in
Appendix G. Two additional parameters (𝑀∗ , 𝑞0 ) obtained from laboratory tests (in this
study Chapter 4 and 5) are also added to the standard Severn-Trent model to simulate the
stress-strain behaviour for cemented Toyoura sand with different curing duration (0-56
days). In addition, few parameters (e.g., Poisson’s ratio, and slope of the critical state line
in 𝜐𝑚 − ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒) are assumed constant/similar for Toyoura sand and for cemented
specimens with different curing duration (see Table. 6.4). Table. 6.4 shows the range of
values for model parameters used for these model simulations.
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Table 6.4 Constitutive model parameters for cemented sand
Parameter

Description

𝐺

Elastic shear modulus

𝜇
𝜙′𝑐𝑠
Γ

Poisson’s ratio
Critical-state friction angle
Intercept for critical state line 𝜐𝑚 −
ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒 at 𝑝′ = 1 kPa
Slope of the critical-state line on
𝜐𝑚 − ln 𝑝′ 𝑝𝑙𝑎𝑛𝑒
Link between changes in state
parameter and current strength

𝜆
𝑘𝑟

𝐵
𝑅
𝐴
𝑘𝑑
𝑀∗
𝑞0 (kPa)

Toyoura
Sand
G0/2.5

Cemented Sand
(0-3%)
G0/2.5

Source of value

0.25
30𝜊
1.97

0.25
30 − 36𝜊
1.97-2.10

(Assumed from
Gajo and Wood,
1999)
Assumed
Fig. 6.12a-b
Fig. 6.12c-e

0.013

0.013

Fig. 6.12e

1.0

2.02-2.05

Parameter controlling hyperbolic
stiffness relationship
Ratio of sizes of the yield and
strength surfaces
Multiplier in flow rule

0.0016

0.0002-0.0016

0.05

0.05-0.12

0.50

0.4-0.60

State parameter contribution in flow
rule
Slope of the critical state line
Deviator stress intercept in 𝑞 −
p′ 𝑝𝑙𝑎𝑛𝑒

1.65

1.65-2.0

1.20
0

1.20-1.40
30-112

(Gajo and Wood,
1999; Rotisciani
and Miliziano,
2014)
(Gajo and Wood,
1999)
(Gajo and Wood,
1999)
(Gajo and Wood,
1999)
(Gajo and Wood,
1999)
Table. 4.13
Chapter 4-5

Figure 6.28a-b shows the experimental results and model simulations of deviatoric stress
versus axial strain from consolidated drained tests for 3% cemented specimens with
varying curing duration (0-56 days). The results show that predictions using this modified
model correlate reasonably well with the experimental results. However, for specimens
cured at higher duration (14-56 days), a slight deviation from the experimental results in
model predictions after peak is observed. Overall, the model captured the increase in
initial stiffness and brittle behaviour at critical state with reasonable accuracy. However,
some modifications in the hardening rule may be required to improve these predictions,
with respect to the post-peak behaviour.
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(a)

(b)
Figure 6.28 Experimental results and model simulations of deviatoric stress versus axial
strain from CID compression tests for 3% cemented sand specimens with varying curing
duration

6.7.2

Density Variation

In the study described in Chapter 4 and 5, most of the tests were performed at 60%
relative density. Whilst, the effect of fibre and cement additives for loose sands (20%
relative density) was briefly looked and it was not thoroughly investigated. An effort has
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been made to predict the stress-strain behaviour of unreinforced, fibre, and fibre
reinforced cemented Toyoura sand specimens prepared at the initial relative density of
20% subjected to consolidated drained and undrained loading conditions at 100 kPa of
effective stress. These simulations were performed to validate the modified constitutive
model and its application for unreinforced and reinforced loose sands. Similar model
parameters were used (see Table. 6.3) for unreinforced and reinforced specimens with the
void ratio corresponding to 20% and 60% relative densities.

6.7.2.1

Consolidated Drained Tests

Figure 6.29a-c shows the comparison of experimental results and model simulations of
deviatoric stress versus axial strain from consolidated drained tests for unreinforced,
cemented, and fibre reinforced cemented sand specimens. A reasonably accurate
comparison of the model predictions with the experimental results is found for the
unreinforced, fibre, cemented, and fibre reinforced cemented specimens.

(a)
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(b)

(c)
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Figure 6.29 Experimental results and model simulations of deviatoric stress versus axial
strain from CID compression tests for unreinforced, cemented, and fibre reinforced
cemented sand specimens

6.7.2.2

Consolidated Undrained Tests

Figure 6.30a-c shows the comparison of experimental results and model simulations of
deviatoric stress versus axial strain from consolidated undrained tests for unreinforced,
cemented, and fibre reinforced cemented sand specimens. Again, a reasonably accurate
comparison of the model predictions with the experimental results is found for the
unreinforced, fibre, cemented, and fibre reinforced cemented specimens.

(a)

280

(b)

(c)
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Figure 6.30 Experimental results and model simulations of deviatoric stress versus axial
strain from CIU compression tests for unreinforced, cemented, and fibre reinforced
cemented sand specimens

6.7.3

Silty Sands

Figure 6.31a-b shows the comparison of experimental results and model simulations of
deviatoric stress versus axial strain from consolidated undrained tests for unreinforced
silty sand specimens. Good comparison of the model predictions with the experimental
results is found for specimens with higher silt contents (21-75%). However, it can be seen
that the effect of silt content at lower silt contents (10.5%) is modeled with less accuracy.
The model prediction gave slightly weaker stress-strain response compared to the
experimental results for lower silt contents. Overall, the stress-strain behaviour obtained
from the modified model, correlates reasonably well with the experimental results.

(a)
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(b)
Figure 6.31 Experimental results and model simulations of deviatoric stress versus axial
strain from CIU compression tests for unreinforced silty sand specimens
Figure 6.32a-b shows the comparison of experimental results and model simulations of
stress path behaviour from consolidated undrained tests for unreinforced silty sand
specimens. A reasonably accurate comparison of the model predictions with the
experimental results is found for specimens with higher silt contents. However, it can be
seen that the effect of silt content at lower silt content (10.5%) is modeled with less
accuracy. The model prediction gave slightly weaker stress path behaviour compared to
the experimental results for lower silt content. Overall, the stress path behaviour obtained
from the modified model, correlates reasonably well with the experimental results.
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(a)

(b)
Figure 6.32 Experimental results and model simulations of stress path behaviour from
CIU compression tests for unreinforced silty sand specimens
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Figure 6.33a-b shows the comparison of experimental results (performed at Fukuoka
University) and model simulations of deviatoric stress versus axial strain, and stress path
behaviour from the consolidated undrained tests for the fibre reinforced cemented silty
sand specimens. A reasonably accurate comparison of the model predictions with the
experimental results is found for fibre reinforced cemented silty specimens. However, it
can be seen the results of the model predictions fall slightly lower than the experimental
results. Overall, the modified model predictions have demonstrated that the stress-strain,
and stress path behaviour correlate reasonably well with the experimental results. Figure
6.34a-b shows the comparison of experimental results and model simulations of
deviatoric stress versus axial strain, and stress path behaviour from the consolidated
undrained tests for the fibre reinforced cemented silty sand specimens. A reasonably
accurate comparison of the model predictions with the experimental results is found for
fibre reinforced cemented silty specimens. However, it can be seen that the results of the
model predictions fall slightly lower than the experimental results for small strain and
slightly higher at large strains. Hence, the modified model needs further adjustments to
predict the stress-strain and stress path behaviour of fibre reinforced silty sand specimens.

(a)
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(b)
Figure 6.33 Experimental results and model simulations of deviatoric stress versus axial
strain and stress path behaviour from CIU compression tests for fibre reinforced
cemented silty sand specimens

(a)
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(b)
Figure 6.34 Experimental results and model simulations of deviatoric stress versus axial
strain and stress path behaviour from CIU compression tests for fibre reinforced
cemented silty sand specimens

6.8 Summary
Two additional parameters (𝑀∗ , 𝑞0 ) obtained from the laboratory tests (see Chapter 4 and
5) were added to the standard Severn-Trent model to simulate the stress-strain behaviour
of cement and fibre reinforced Toyoura sand. Calibration exercises based on studies in
the literature and comparisons with the experimental studies herein were conducted with
the modified version of the Severn-Trent model and these are presented in this chapter.
This study demonstrates that only a few geotechnical tests (e.g. triaxial compression and
extension, and compression load-unload tests) are required to obtain these constitutive
model parameters. The modified Severn-Trent constitutive model was used to simulate
the mechanical behaviour of unreinforced, cemented, fibre, and fibre reinforced cemented
Toyoura sand consolidated under drained and undrained triaxial compression and
extension loading conditions. The model parameters were derived based on the
experimental results performed in this study, parametric study, trial and error, and by
comparison with previous research studies. The comparisons covered ranges of material
from 0-3% fibre, 0-3% cement, 20-60% relative densities, and silt contents of up to 75%.
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The experimental results and model simulations were compared in terms of deviatoric
stress versus axial strain, volumetric strain versus axial strain, and stress path behaviour.
A close agreement of model simulations with the experimental results is observed for
many of the tests performed on pure Toyoura sand, cemented, fibre, and fibre reinforced
cemented Toyoura sand. The study also showed that the modified Severn-Trent
constitutive model, can predict the stress-strain behaviour of specimens with varying
curing duration, density, and silt content. Model predictions showed that the main
parameters controlling the mechanical behaviour of cemented and fibre reinforced sand
are critical state friction angle (𝜙′𝑐𝑠 ), deviator stress intercept in q-p plane (𝑞0 ), slope of
the critical state line (M*), and the intercept for the critical state line (Γ), parameters
controlling the link between changes in state parameter and current strength (𝑘𝑟 ), and
hyperbolic stiffness relationship (B), and state parameter contribution in flow rule (𝑘𝑑 ).
The effect of each parameter (e.g., increase in strength, dilatancy, and stiffness due to the
increase in parameter kr, Γ, 𝜙′𝑐𝑠 , 𝑞0 , and decrease in B parameter) on the mechanical
behaviour of Toyoura sand is studied in greater detail in the parametric study presented in
Appendix G. In contrast, the Poisson’s ratio, had a very limited effect on the prediction of
the mechanical behaviour of the composite materials.
Those aspects of the simulations that did not work well and require further adjustments
were: the slope of the critical state line for model simulations (e.g. CIU compression
tests) was greater than for the experimental stress paths. This deviation was more
pronounced for the extension tests for higher effective stresses and these stress paths
show more differences between the experiments and simulations. In addition, stress-strain
behaviour for higher effective stresses (200-400 kPa) for fibre reinforced cemented sand,
volumetric strain behaviour in extension for fibre reinforced cemented sand, post-peak
behaviour for cemented sand with higher curing duration (28-56 days), stress-strain and
stress path behaviour for lower silt content (10.5%) were not modeled well. This might be
due to the choice of model parameters (e.g., assumptions about friction angle and location
of the critical state line, slope of the critical state line), hardening rule modification for
fibre and cemented sand, and sand-fibre-cement interaction mechanism of unreinforced
and reinforced specimens.
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The deviations of the model simulations from the experimental results might be reduced
or even eliminated by applying further adjustments (described in Chapter 7). However, it
should be noted that the modified model successfully captured the main features of the
behaviour (e.g., increase in strength and stiffness with cement additive, increase in
volumetric dilatancy due to fibre and cement additives, and general stress path behaviour
for drained and undrained conditions) for different types of composite materials with
reasonable accuracy. Hence, the current study might serve and should be considered as a
step towards modeling of the behaviour of composite materials. In addition,
implementation of this model into a finite element code would provide the ability to
simulate complex boundary value problems.
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7

Chapter 7: Conclusions and Recommendations

The soils of the Tokyo bay region primarily consist of silty Toyoura sand, which has a
relatively low bearing strength, is susceptible to large settlements, structural collapse, and
liquefaction. Large areas of the Bay have also been reclaimed from the seabed for
constructing port facilities and have used the same materials. Several natural and artificial
soil stabilization techniques have been used to improve the mechanical properties of silty
Toyoura sand and to reduce these undesirable effects. Recently, particular interest has
been shown in employing recycled natural and artificial disaster debris material (from the
Tohoku earthquake and tsunami) in sloping bridge abutments, embankments, slope
stability and landslides, retaining walls, shallow foundations and for mitigation of the
liquefaction susceptibility of the silty Toyoura sand.
In the last few decades, practising engineers in Japan and North America have seen a
rapid increase in the use of natural and artificial fibres for soil improvement for
enhancing the mechanical properties of soil. However, there is still much to be learned
concerning the mechanical properties of fibre reinforced soils, and the manner in which
they behave. This knowledge is required to provide adequate increases in strength and
stiffening of loose and medium dense sands. To minimize the undesirable effects, cement
and fibre additives are employed alone and together in various geotechnical projects
around the world.
In the current study, 0-3% PVA fibres, and 0-3% OPC cement, have been used to
investigate the effectiveness of these additives as a soil stabilization technique and also to
quantify the strength and deformation characteristics of pure, fibre, cemented, fibre
reinforced cemented, and silty Toyoura sand using a range of geotechnical laboratory
tests. These specific percentages of fibre and cement are chosen to provide enough
strength and stability, durability, a high coefficient of friction and/or adhesion, cohesion,
ease of handling, together with low cost and ready availability of these additives in Japan.
This work is also complementary with dynamic resistance studies by Western and
Fukuoka University (Schmidt, 2015; Nakamichi, 2013).
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This chapter summarizes the conclusions drawn from a series of consolidated monotonic
drained and undrained triaxial tests under different loading conditions (e.g., compression
and extension) and comparison of the predicted behaviour with a modified version of
Severn-Trent constitutive model. Conclusions from supplementary studies are also
presented here and recommendations are made for further experimental investigations.
More improvements for the implementation of a modified Severn-Trent constitutive
model for fibre reinforced cemented Toyoura silty sand are also discussed.

7.1 Experimental Investigations
7.1.1

Primary Laboratory Testing

• The fibre and cement additives significantly enhanced the undrained and drained
shear strengths of Toyoura sand. The general trends of the compression tests results
show the behaviour of medium dense sands with an increasing peak and stiffness
with increasing pressure and experiences a gradual decrease from peak to post-peak
strength.
• The stress ratio (𝜂 = 𝑞/𝑝′) for peak and critical states increased with higher fibre and
cement additives contents. However, the increase in shear strength and stress ratios
were least affected for extension loading conditions. The limited increase in strength
and stress ratios for reinforced specimens can be attributed to the orientation of fibres
and direction of loading.
• Secant modulus was least changed by fibre additives alone, but significantly
increased for the cemented and fibre reinforced cemented specimens.
• The fibre and cement additives also increased the strength parameters (frictional
angle, cohesion), dilatancy angle, slope of the critical state line, and decreased the
state parameter of the Toyoura sand mixtures. The fibre and cement alone were least
effective in extension loading, but the strength of the Toyoura sand was improved by
the combination of fibre and cement additives with slightly higher percentages of
fibre and cement.
• Although the percentage of the fibre and cement additives were relatively low, the
observed improvements in the mechanical response of these amended materials
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(despite the short curing times) suggested that this may still be a viable strengthening
method for for dredged soils, disaster wastes and reclaimed land.

7.1.2
7.1.2.1

Supplementary Laboratory Testing
Effect of Back Pressure on Undrained Shear Strength

• When increasing the back pressure, the peak deviator stress was also found to
increase. However, it was observed that for cemented and fibre reinforced cemented
sand specimens with higher fibre contents (3%), only limited increase occurred for
the strength at critical state.
• The effect of back pressure diminished at higher pressures (e.g. 400 kPa). It was
shown that specimens saturated under lower back pressures generated lower negative
pore pressures conversely higher back pressures generated higher negative pore
water pressures. This increase in negative pore pressures may be a cavitation
phenomenon, and due to the dilative nature of dense, cemented, and fibre reinforced
cemented sands.
• The slope of the stress paths at critical state remained similar and the magnitude of
back pressure had a negligible effect on the slope of the critical state line.
• To avoid any significant effects of back pressure, it is suggested that dense,
cemented, and fibre reinforced cemented sand specimens should be saturated under
back pressures in excess of 300 kPa.

7.1.2.2

Effect of Curing Duration on Drained Shear Strength of
Fibre Reinforced Cemented Samples

• The stress-strain behaviour of the fibre reinforced cemented specimens showed
initially stiff, and apparently linear responses up to a well-defined yield point
compared to the unreinforced soils, beyond which the soil suffered increasing plastic
deformations until failure.
• As the curing duration increased, the peak strength significantly increased, but with
noticeably more brittle behaviour.
• Curing duration affected the stress path of the fibre reinforced specimens, moving
the effective stress path upward, as a result, the peak deviator stress increased, during
consolidated drained triaxial compression tests.
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• Brittleness index increased with longer curing durations. However, brittleness of the
cemented specimens reinforced with 0.5-1% fibres was supressed significantly
compared to the higher concentrations of fibre (2-3%).
• There appears to be a threshold fibre concentration range (0.5-1%), in which fibres
were considered to be most effective and beyond this concentration fibre caused
lower improvements.

7.1.2.3

Effect of Silt Content on the Undrained Shear Strength of
Unreinforced and Reinforced Samples

• The stress-strain behaviour indicated that the undrained strength of Toyoura sand
was dependent on the percentage of silt, fibre and cement content. Unreinforced silty
sand specimens showed strain-softening behaviour, but fibre reinforced cemented
Toyoura silty sand showed strain-hardening behaviour.
• The void ratio of Toyoura sand initially decreased with increasing silt content, but
addition of 28% silt content caused an increase in void ratio. It was shown that 28%
silt content caused a transition between sand and silt behaviour. Hence, 28% nonplastic silt content can be considered to be a threshold fines content, below which the
soil structure is controlled by the sand particles and above the soil behaves as a silt.
• Overall, mechanical benefits of cement and fibre additives were found for all silt
contents. However, the most noticeable strength increase was obtained around a 28%
threshold silt content. Further increase in non-plastic silt content, significantly
reduced the strength of Toyoura sand in undrained shearing.

7.1.2.4

Effect of Fibres and Cement Reinforcement on the
Compression Behaviour of Toyoura Sand

• The location of the K0 normal compression line of fibre, cement, and fibre reinforced
cemented Toyoura sand specimens was different from the pure, unreinforced
Toyoura sand specimens. This suggests that cementitious bonds and lock-in effect
due to fibres are sufficiently strong relative to the particles to allow the cemented and
fibre reinforced samples to reach states outside the K0 NCL of the unreinforced soil.
• However, the addition of fibre or cement to the Toyoura sand appeared to have no
appreciable effect on the slope of the K0 NCL but increase in these additives moves it
outside of the K0 NCL of unreinforced sand.
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7.1.2.5

Local Strain Measurements

• The global strain transducers (external measurements) recorded larger strains
compared to the local strain transducers mounted on the sample for the same
deviatoric stress. This was attributed to the accumulation of various errors involved
with external strain measurements such as sample bedding errors, and deflexions
originating from the compliances of the loading and load measuring systems.
• Small-strain stiffness slightly reduced with the addition of fibres. In contrast,
addition of cement enhanced the small-strain stiffness properties of Toyoura sand
specimens. The weak cementation level (e.g. 3 days curing) was sufficient to
moderately increase the small-strain stiffness.
• In addition, fibre reinforced cemented sand specimens showed increases in smallstrain stiffness compared to unreinforced specimens.
• Results of the shear modulus degradation and mobilized stress curves showed good
agreement with the hyperbolic relation proposed by Fahey and Carter (1993). A
range of exponent, 𝑔 = 0.2-0.4 was suggested by Fahey and Carter (1993) for wellbehaved soils (uncemented). It was seen that for cemented and fibre reinforced sand,
the range of exponent lies between 0.3 to 0.6, and suggests more significant stiffness
reductions for soils with the same relative shear stress (q/qpk).
• The comparison of the results with the Oztoprak and Bolton (2013) model showed
that the local strain transducers measurements fall within the range of the upper and
lower bound curves. The unreinforced, fibre, and cemented sand showed a close
agreement with the Oztoprak and Bolton mean curve, and fibre reinforced cemented
sand showed a good comparison with upper bound relationship.

7.1.2.6

Shear Wave Velocity and G0 Measurements

• Toyoura sand specimens showed that the small-strain shear modulus increased with
higher mean effective stress. With the addition of 1-3% of PVA fibres, the average
shear wave velocity increased moderately. However, the addition of 1-4% of cement
caused more significant increases in shear wave velocity.
• Increase of fines generally reduced the shear wave velocity, but adding 28-42% fines
significantly reduced the shear wave velocity.
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• The combined effect of cement and fibres was also found to provide quite significant
shear wave velocity increase.
• Addition of cement both strengthened and stiffened the Toyoura sand. For Toyoura
sand with cement and fibre, the fibres appear to no longer control the skeletal
stiffness.

7.1.2.7

Fibre Orientation Distribution (FOD)

• The variation of results between analytical predictions (AP) using a ratio
𝑁𝑉

( 𝑁𝑡𝑜𝑡
𝐻 ) and orientation parameters (OP) using Eq. 5.7 were approximately 5-9%.
𝑡𝑜𝑡

• The variation of results of the

𝑉
𝑁𝑡𝑜𝑡

𝐻
𝑁𝑡𝑜𝑡

ratio, fibre orientation between micro-CT scans

and visual count were approximately 4-8%.
• The results showed that 85-90% of the PVA fibres were oriented between ±30° of
horizontal, and approximately 95% of fibres have an orientation that lies within
±45° of the horizontal plane, had no apparent relation to the layers used for sample
creation.

7.1.2.8

Effect of Density

• For the denser specimens, the peak drained strength and strength at critical state were
noticeably increased by the inclusion of fibre and cement additives. No strain
hardening could be seen in the cement, fibre and fibre reinforced cemented sand
specimens.
• For the looser specimens, strain hardening behaviour was shown. For the cement
additives alone, only peak strength increase can be observed and almost no strength
increase was found at critical state.
• For the denser specimens, the peak undrained strength and strength at critical state of
reinforced specimens was observed to be significantly enhanced by the inclusion of
fibres and cement additives. For the looser specimens (20%), strain hardening
behaviour can be seen and the undrained strength significantly increased with fibre
and cement additives.
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7.2 Constitutive Modeling
• The addition of two additional parameters (𝑀∗ , 𝑞0 ) obtained from the laboratory tests
(in Chapter 4 and 5) and some modifications to the original Severn-Trent model
enabled simulation of the stress-strain behaviour for reinforced Toyoura sand.
• The key aspects of the mechanical properties of pure sand and composite material
have been simulated and a reasonable comparison with the experimental results is
observed.
• Slope of the critical state line for model simulations (e.g. CIU compression tests) was
slightly greater than the experimental stress paths. This deviation was more
pronounced for the extension tests for higher effective stresses and these stress paths
showed more differences between the experiments and simulations. In addition, postpeak behaviour for cemented sand with higher curing duration (28-56 days), stressstrain and stress path behaviour for lower silt content (10.5%) were not modeled
well.

7.3 Recommendations for Future Research
7.3.1

Experimental Investigations

1. Fibres and cement when adopted for differing percentages together improved the
strength of pure sand in extension loading conditions. The orientation of the fibres was
related to the construction method used for the samples. Hence, it is necessary to
further study the effect of fibre orientation and anisotropy of fibre reinforced
specimens with cement in greater detail. Specimens with only horizontal, vertical,
inclined, and randomly oriented fibres might be studied experimentally and the effect
of orientation on mechanical properties must be accurately estimated to fully harness
the true capabilities of cement and fibre reinforcement in the field.
2. Moreover, effect of back pressure in loose and dense sand for unreinforced, fibre,
cement, and fibre reinforced cemented sand has not been studied in detail and has
potential for further research and will improve estimates of the real strength of
composite material.
3. Limited studies on sample preparation of fibre reinforced sand and challenges
associated with mixing of fibres > 3% has been conducted. In this study, it was shown
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that fibres should be mixed after adding water to the pure Toyoura sand and in
situations where fibres >3% is needed, a new sample preparation technique can be
tried and explored before practical application in the field.
4. PVA fibres have been utilized for this research project due to the low cost and
availability. The length and diameter of PVA fibres and the interaction mechanism
between varying aspect ratios of PVA fibres can also be evaluated in the future. In
addition, other types of natural and artificial fibres and effect of these fibres on the
mechanical properties of pure Toyoura sand must also be explored for design and
geotechnical applications.
5. Toyoura sand is reported as a low crushability sand. Okinawa sand (star shaped
grains), which is located in Hoshizuna beach front coral garden, is reported as a
crushable sand. The effects of different types of fibres and fibre reinforced cemented
Okinawa sand might be the next step for this project.
6. Dynamic tests with range of consolidation stresses, void ratios, different types of
fibres (natural and artificial), varying silt (plastic and non-plastic) and cement content
on Toyoura and Okinawa sand might serve as a benchmark data for the constitutive
model covering dynamic loading.

7.3.2

Constitutive Modeling

The proposed Severn-Trent constitutive model might be modified by including following
the suggestions:
1. Elastic modulus of different types of fibres (e.g. natural and artificial fibres).
2. An enhanced fibre orientation distribution function for different sample preparation
methods (e.g. moist tamping, moist vibration).
3. A sliding/mobilization/partial slippage function might also be added controlling the
bonding and sliding mechanism of interaction for the composite material.
4. In addition, there is a need for quantification of voids attached to the fibres, cement,
sand, and silt particles. Quantification of voids attached to the composite materials are
based on assumptions (e.g. part of solids or part of fibres or both). There should be a
method of linking voids with the characteristics of composite materials (e.g. sand,
fibre, cement, silt).
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5. For cemented sand, incorporation of a new stress-dilatancy relationship is not only
necessary for modeling the volumetric strain behaviour, but also for modeling the
post-peak strain softening behaviour.
6. Alternative approaches might be explored for the hyperbolic hardening law (e.g.,
power laws or exponential laws), and new yield surfaces for the unreinforced and
reinforced Toyoura sand.
7. The modified Severn-Trent constitutive model, formulated in p-q space, can only
simulate the behaviour of unreinforced and reinforced Toyoura sand behaviour in
triaxial space. Hence, there is a necessity for the extension of the modified constitutive
model to generalized multi-axial space (six-dimensional stress state). The
generalization of the model to multi-axial space will make it applicable to simulate
more practical boundary value problems; an appropriate function for the π-plane
should be investigated.
8. The effects of elastic anisotropy and plastic anisotropy might be considered for the
modified Severn-Trent model specific to fibre reinforced and fibre reinforced
cemented Toyoura sand.
9. Dilatancy behaviour is highly dependent up on density, mean effective stress, and
fabric of unreinforced and reinforced Toyoura sand. Further testing might be required
to modify/update the dilatancy relationship for composite materials in future studies.
10. Modification of the hardening parameter, H and incorporation of a few more
parameters (e.g. bond strength and breakage, fibre breakage and pull-out mechanism,
fibre orientation etc) in the proposed model might be helpful to simulate the post-peak
behaviour of cemented sands (i.e. higher curing duration) with greater accuracy.
11. Development of a constitutive model for cyclic loading conditions for fibre reinforced
and fibre reinforced Toyoura sand might also be an exciting area of research to push
the boundaries of this research and ultimately the implementation of monotonic and
cyclic constitutive model into a numerical program.
12. To validate the experimental investigations and constitutive modeling framework, real
field tests and/or centrifuge model tests are essential to validate the results and
reliability of research findings.
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13. It is important to implement the proposed constitutive model for different types of
fibres with wide range of aspect ratios and different types of soils. Additional tests at
varying densities and higher pressures are also needed to calibrate the modified
Severn-Trent constitutive model.
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Appendix A
Figures A.1-4 show further comparison of tests with composite materials from this study
and the Fukuoka University test program. The stress-strain behaviour of the tests
performed at Fukuoka University show slightly stiffer responses compared to the tests
performed in this study. This stiffer response might be attributed to 3 times higher rate
(0.17 mm/min) of shearing compared to this study (0.06 mm/min).
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Figure A.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU compression
and extension tests for unreinforced, and fibre reinforced Toyoura sand specimens
consolidated to varying effective Cambridge stresses (p’)

Figure A.2 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU compression
tests for unreinforced, and cemented Toyoura sand specimens consolidated to varying
effective Cambridge stresses (p’)
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Figure A.3 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU compression
and extension tests for unreinforced, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying effective Cambridge stresses (p’)
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Figure A.4 Excess pore pressure (∆𝑢) vs axial strain (𝜀𝑎 ) curves from CIU compression
and extension tests for unreinforced, and fibre reinforced Toyoura sand specimens
consolidated to varying effective Cambridge stresses (p’)

Figure A.5 Excess pore pressure (∆𝑢) vs axial strain (𝜀𝑎 ) curves from CIU compression
tests for cemented Toyoura sand specimens consolidated to varying effective Cambridge
stresses (p’)
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Figure A.6 Excess pore pressure (∆𝑢) vs axial strain (𝜀𝑎 ) curves from CIU compression
and extension tests for unreinforced, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying effective Cambridge stresses (p’)
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Appendix B
The stress-strain behaviour of the tests performed at Fukuoka University show slightly
stiffer response compared to the tests performed in this study. The more dilative response
can be attributed to the 3 times higher rate (0.17 mm/min) of shearing compared to this
study (0.06 mm/min). The strain rate effect and increase in stiffness and dilatancy of
sands with increasing strain rate has been discussed in greater detail in previous research
studies (e.g., Yamamura et al., 2011; Svoboda, 2013; Barr, 2016) and similar results are
also reported in this study. Specimens were tested at varying strain rates (0.17 and 0.06
mm/min) and the results shown here support the hypothesis that this caused the
difference in the stress-strain and volumetric strain behaviour between the partner
universities. The possible reason for the difference in volumetric or dilatancy behavior is
indicative of a change in mechanism of shear strength mobilization (e.g., Yamamura et.
al., 2011; Svoboda, 2013; Barr, 2016) caused by varying strain rate (e.g., strength
mobilization occurs faster in samples sheared at higher strain rate).
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Figure B.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
and extension tests for unreinforced, and fibre reinforced Toyoura sand specimens
consolidated to varying effective Cambridge stresses (p’)

Figure B.2 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
tests for unreinforced, and cemented Toyoura sand specimens consolidated to varying
effective Cambridge stresses (p’)
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Figure B.3 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
and extension tests for unreinforced, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying effective Cambridge stresses (p’)
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Figure B.4 Volumetric strain (εv ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 50 kPa
The volumetric strain-axial strain behaviour of tests performed at Fukuoka University
show slightly more dilative response compared to the tests performed in this study (see
Fig. B.4).
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Figure B.5 Volumetric strain (εv ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 100 kPa
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Figure B.6 Volumetric strain (εv ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 200 kPa
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Figure B.7 Volumetric strain (εv ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 400 kPa
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Figure B.8 Dilatancy angle (Ψ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 50 kPa
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Figure B.9 Dilatancy angle (Ψ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 100 kPa
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Figure B.10 Dilatancy angle (Ψ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 200 kPa
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Figure B.11 Dilatancy angle (Ψ) vs axial strain (εa ) curves from CID compression tests
for unreinforced, fibre, and fibre reinforced cemented Toyoura sand specimens
consolidated to effective Cambridge stress (p’) of 400 kPa
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Appendix C
Further results shown indicate that the slope of the stress paths at critical state remain
similar and the magnitude of back pressure has a negligible effect on the slope of the
critical state line for the tested materials. However, it can be seen that by increasing the
value of the applied back pressure, the maximum deviator stress and effective Cambridge
stress at critical state increases by approximately 20%-50%.
Toyoura sand
M = 1.35
𝝓′𝒄𝒔 = 𝟑𝟎𝝄

(a)

Sand+0.5% fibre
M = 1.46
𝝓′𝒄𝒔 = 𝟑𝟔𝝄

(b)

Sand+1% fibre
M = 1.59
𝝓′𝒄𝒔 = 𝟑𝟗𝝄

(c)
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Sand+3% fibre
M = 1.85
𝝓′𝒄𝒔 = 𝟒𝟓𝝄

(d)

Sand+3% cement
M = 1.95
𝝓′𝒄𝒔 = 𝟒𝟕. 𝟓𝝄

(e)

Sand+3% fibre+3% cement
M = 2.24
𝝓′𝒄𝒔 = 𝟓𝟒. 𝟔𝝄

(f)

Figure C.1 Deviatoric stress (𝑞) vs effective Cambridge stress (𝑝′) curves from CIU
compression tests for unreinforced, fibre, cement, and fibre reinforced cemented Toyoura
sand specimens consolidated to 100 kPa effective Cambridge stress at varying back
pressures
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Appendix D
The stress path results of the unreinforced, cement, and fibre reinforced cemented
specimens plotted in deviator stress versus effective Cambridge stress space are shown in
Figure D.1 and indicate that curing duration affects the stress path of the fibre reinforced
specimens, increase in curing duration moves the effective stress path upward, as a result,
increases the peak deviator stress, during consolidated drained triaxial compression tests.

(a)

(b)
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(c)

(d)

(e)

Figure D.1 Deviatoric stress (𝑞) vs effective Cambridge stress (𝑝′) curves from CID
compression tests for unreinforced, cement, and fibre reinforced cemented Toyoura sand
specimens consolidated to 100 kPa effective Cambridge stress at varying fibre content,
0%, 0.5%, 1%, 2%, and 3%, and varying curing duration at: a) 3 days, b) 7 days, c) 14
days, d) 28 days, e) 56 kPa
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Appendix E
𝑞

Typical stress-strain and mobilized stress (𝑞 ) curves obtained from the Hall Effect local
𝑝𝑘

strain transducers attached to the mid-portion of the sample and using global (external)
strain measurements on unreinforced, fibre, cement, and fibre reinforced cemented
Toyoura sand under consolidated drained loading conditions are shown in Figures E.1-2.
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Figure E.1 Deviatoric stress (𝑞) versus shear strain (𝜀𝑞 ) curves from CID compression
tests for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand
specimens consolidated to 100 kPa effective Cambridge stress
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𝑞

Figure E.2 Mobilized stress (𝑞 ) versus shear strain (𝜀𝑞 ) curves from CID compression
𝑝𝑘

tests for unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand
specimens consolidated to 100 kPa effective Cambridge stress
Shear Modulus (G) versus shear strain (𝜀𝑞 ) curves from CID compression tests for
unreinforced, fibre, cemented, and fibre reinforced cemented Toyoura sand specimens
consolidated to 100 kPa effective Cambridge stress are presented in Figure E.3-5.
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Figure E.3 Shear modulus (𝐺) versus shear strain (𝜀𝑞 ) curves from CID compression tests
for unreinforced and fibre reinforced Toyoura sand specimens consolidated to 100 kPa
effective Cambridge stress at different fibre contents (0-2%)
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Figure E.4 Shear modulus (𝐺) versus shear strain (𝜀𝑞 ) curves from CID compression tests
for unreinforced and cemented Toyoura sand specimens consolidated to 100 kPa
effective Cambridge stress at different cement contents (0-4%)
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Figure E.5 Shear modulus (𝐺) versus shear strain (𝜀𝑞 ) curves from CID compression tests
for unreinforced and fibre reinforced cemented Toyoura sand specimens consolidated to
100 kPa effective Cambridge stress at different cement (0-3%) and fibre (0-3%) contents
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Appendix F
Table F.1 Shear wave velocity (Vs) and small-strain shear modulus (G0) correlations
using piezoelectric ring actuators (PRA) and bender elements (BE)
Vs Correlations
Test No.

Test ID

R
Values

G0
Correlations

R Values

WM/WC

5.442𝑠′0.5131

0.9984

WM

Pure Sand
1.

PRA-C0F0M0

0.2565

60.455𝑠′

0.9984
Fibre Only

0.2717

2.

PRA-C0F1M0

55.926𝑠′

0.9974

4.6572𝑠′0.5434

0.9974

WM

3.

PRA-C0F3M0

52.562𝑠′0.2846

0.9957

4.1137𝑠′0.5692

0.9957

WM

PRA-C1F0M0

0.1898

0.9997

13.735𝑠′0.3797

0.9997

WM

0.9991

0.2995

0.9991

WM

0.2607

0.9983

WM

0.2427

47.235𝑠′

0.9988

WM

6.475𝑠′0.4773

Cement Only
4.
5.
6.
7.

PRA-C2F0M0
PRA-C3F0M0
PRA-C4F0M0

96.044𝑠′

0.1498

128.79𝑠′

0.1303

157.69𝑠′

0.1213

178.11𝑠′

0.9983
0.9988

24.699𝑠′
37.026𝑠′

Silt Only
8.
9.
10.
11.
12.

PRA-C0F0M10.5
PRA-C0F0M21
PRA-C0F0M28
PRA-C0F0M35
PRA-C0F0M42

65.944𝑠′0.2386
0.245

61.34𝑠′

0.2653

50.371𝑠′

0.2443

50.547𝑠′

0.2565

44.50𝑠′

0.9978
0.9966

0.9978

WM

0.4900

0.9966

WM

0.5306

5.6025𝑠′
3.778𝑠′

0.9957

0.9957

WM

0.4887

0.9977

WM

0.4928

2.9486𝑠′

0.9912

WM

0.9996

12.726𝑠′0.4420

0.9996

WM

0.9998

0.3393

0.9998

WM

NG

NG

WC

NG

NG

WC

NG

NG

WC

0.9977
0.9912

3.8044𝑠′

Sand + Cement + Fibre
13.
14.

PRA-C2F1M0
PRA-C3F3M0

92.449𝑠′0.221
0.1697

135.57𝑠′

27.368𝑠′

Previous Western University Research
Pure Sand
0.254

15.

BE-C0F0M0

62.06𝑝′

16.

BE-C0F0M100

7.23𝑝′0.539

NG
Pure Silt
NG
Fibre Only

17.

BE-C0F1M0

0.258

62.78𝑝′

NG
Cement Only

18.

BE-C1F0M0

0.202

NG

NG

NG

WC

0.146

104.96𝑝′

19.

BE-C2F0M0

133.94𝑝′

NG

NG

NG

WC

20.

BE-C3F0M0

162.25𝑝′0.121

NG

NG

NG

WC

BE-C4F0M0

0.173

NG

NG

NG

WC

0.052

NG

NG

NG

WC

NG

NG

WC

NG

NG

WC

21.
22.

BE-C8F0M0

143.07𝑝′
337.69𝑝′

Sand + Cement + Fibre
0.217

23.

BE-C2F1M0

91.66𝑝′

24.

BE-C2F1M10.5

112.29𝑝′0.172

NG

Sand + Cement + Fibre + Silt
NG
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25.

BE-C2F1M21

83.36𝑝′0.236

NG

NG

NG

WC

26.

BE-C2F1M28

79.24𝑝′0.228

NG

NG

NG

WC

BE-C2F1M35

0.216

NG

NG

NG

WC

0.250

NG

NG

NG

WC

0.171

NG

NG

NG

WC

0.260

NG

NG

NG

WC

27.
28.
29.
30.

BE-C2F1M42
BE-C2F1M75
BE-C2F1M100

69.66𝑝′
62.56𝑝′
84.33𝑝′
40.57𝑝′

*WM represents tests conducted using PRA in current study
*WC represents BE tests conducted by Schmidt, (2015)
*NG represents not given values
Table. G.1 lists various shear wave velocity (Vs) and small-strain shear modulus (G0)
correlations using piezoelectric ring actuators (PRA) and bender elements (BE).
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Appendix G
The results of the parametric study with the modified constitutive model (Severn-Trent)
are presented in Figures G.1-7.

Figure G.1 Parametric study of the effects induced by the multiplier in flow rule
parameter (A) on the simulated drained behaviour of the medium dense Toyoura sand
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Figure G.2 Parametric study of the effects induced by the parameter controlling plastic
modulus (B) on the simulated drained behaviour of the medium dense Toyoura sand
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Figure G.3 Parametric study of the effects induced by the parameter controlling the link
between changes in state parameter and current strength (k) on the simulated drained
behaviour of the medium dense Toyoura sand

Figure G.4 Parametric study of the effects induced by the parameter controlling the state
parameter contribution in flow rule (kd) on the simulated drained behaviour of the
medium dense Toyoura sand
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Figure G.5 Parametric study of the effects induced by the critical state frictional angle
′
(𝜙𝑐𝑠
) on the simulated drained behaviour of the medium dense Toyoura sand

Figure G.6 Parametric study of the effects induced by the parameter controlling the ratio
of sizes of the yield and bounding surfaces (R) on the simulated drained behaviour of the
medium dense Toyoura sand
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Figure G.7 Parametric study of the effects induced by the parameter controlling the
intercept for the projection of critical state line (Γ) on the simulated drained behaviour of
the medium dense Toyoura sand
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Appendix H
Other Challenges and Lessons Learned
1. Accurate docking with the specimen was initially a challenge and caused
inaccuracies in triaxial extension and dynamic tests. Hence, the top cap of triaxial
apparatus has been modified (for a suction type to a fixed thread) and the issue
was resolved for obtaining a better contact between the sample and the top cap of
the apparatus.
2. Medium dense cemented specimens were prepared in PVC molds and cured for 356 days and later extracted using a hydraulic sample extruder. However, the loose
cemented specimens were also tried in PVC molds and extracted using an
extruder, but it was noticed that the samples were compressed and significantly
disturbed or even after extraction fell apart. Hence, loose samples were prepared
on the bottom of the pedestal and then cured within the cell chamber to remove
this effect from the testing program.
3. For medium dense cemented specimens, it was noticed that sometimes the sample
stuck to the periphery of the PVC mold and made them difficult to be extracted
without disturbance. Hence, oil or thin transparent plastic sheets must be used to
reduce the bond between the cemented samples and PVC mold.
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Appendix I
Table I.1 Testing program for consolidated undrained (CIU) compression and extension
tests (This study)
Test No.

Test ID

26.
27.
28.
29.

CU-C0F0M0-50
CU-C0F0M0-100
CU-C0F0M0-200
CU-C0F0M0-400

30.
31.
32.
33.
34.
35.
36.
37.
38.

CU-C0F1M0-50
CU-C0F0.5M0-100
CU-C0F1M0-100
CU-C0F1M0-200
CU-C0F1M0-400
CU-C0F3M0-50
CU-C0F3M0-100
CU-C0F3M0-200
CU-C0F3M0-400

39.
40.
41.
42.

CU-C3F0M0-50
CU-C3F0M0-100
CU-C3F0M0-200
CU-C3F0M0-400

43.
44.
45.
46.
47.
48.
49.
50.

CU-C3F1M0-50
CU-C3F1M0-100
CU-C3F1M0-200
CU-C3F1M0-400
CU-C3F3M0-50
CU-C3F3M0-100
CU-C3F3M0-200
CU-C3F3M0-400

B Value

Test
Type
C/E
Pure Sand
0.99
C
C
0.98
0.99
C
0.99
C
Fibre Only
0.98
C
C
0.97
C
0.96
0.97
C
0.96
C
0.99
C
C
0.98
0.97
C
0.96
C
Cement Only
0.97
C
0.96
C
C
0.96
0.98
C
Cement and Fibre
0.97
C
0.96
C
C
0.98
0.96
C
0.97
C
0.96
C
C
0.96
0.97
C
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Test
No.

Test ID

B Value

Test
Type
C/E

1.
2.
3.
4.

CU-C0F0M0-50
CU-C0F0M0-100
CU-C0F0M0-200
CU-C0F0M0-400

0.98
0.97
0.98
0.98

C
C
C
C

5.

CU-C0F1M0-50

0.99

C

6.
7.
8.
9.
10.
11.
12.

CU-C0F1M0-100
CU-C0F1M0-200
CU-C0F1M0-400
CU-C0F3M0-50
CU-C0F3M0-100
CU-C0F3M0-200
CU-C0F3M0-400

0.97
0.96
0.97
0.98
0.99
0.96
0.99

C
C
C
C
C
C
C

13.
14.
15.
16.
17.
18.
19.
20.

CU-C3F1M0-50
CU-C3F1M0-100
CU-C3F1M0-200
CU-C3F1M0-400
CU-C3F3M0-50
CU-C3F3M0-100
CU-C3F3M0-200
CU-C3F3M0-400

0.96
0.97
0.98
0.97
0.96
0.97
0.96
0.96

C
C
C
C
C
C
C
C

Table I.2 Testing program for consolidated drained (CID) compression and extension
tests (This study)
Test No.

Test ID

1.
2.
3.
4.

CD-C0F0M0-50
CD-C0F0M0-100
CD-C0F0M0-200
CD-C0F0M0-400

5.
6.
7.
8.
9.
10.
11.
12.
13.

CD-C0F1M0-50
CD-C0F0.5M0-100
CD-C0F1M0-100
CD-C0F1M0-200
CD-C0F1M0-400
CD-C0F3M0-50
CD-C0F3M0-100
CD-C0F3M0-200
CD-C0F3M0-400

14.

CD-C3F0M0-100

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

CD-C3F1M0-50
CD-C3F0.5M--100
CD-C3F1M0-100
CD-C3F2M--100
CD-C3F1M0-200
CD-C3F1M0-400
CD-C3F3M0-50
CD-C3F3M0-100
CD-C3F3M0-200
CD-C3F3M0-400

B Value

Test
Type
C/E
Pure Sand
0.98
C
C
0.98
0.96
C
0.97
C
Fibre Only
0.99
C
0.99
C
C
0.96
0.96
C
0.98
C
0.98
C
C
0.98
0.97
C
0.96
C
Cement Only
0.98
C
Cement and Fibre
0.98
C
0.98
C
0.98
C
C
0.96
0.96
C
0.98
C
0.97
C
C
0.97
0.99
C
0.96
C
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Test
No.

Test ID

B Value

Test
Type
C/E

1.
2.
3.
4.

CD-C0F0M0-50
CDC0F0M0-100
CD-C0F0M0-200
CD-C0F0M0-400

0.97
0.97
0.96
0.98

E
E
E
E

5.

CD-C0F1M0-50

0.97

E

6.
7.
8.
9.
10.
11.
12.

CD-C0F1M0-100
CD-C0F1M0-200
CD-C0F1M0-400
CD-C0F3M0-50
CD-C0F3M0-100
CD-C0F3M0-200
CD-C0F3M0-400

0.98
0.97
0.98
0.96
0.98
0.97
0.96

E
E
E
E
E
E
E

13.

CD-C3F0M0-100

0.97

C

14.
15.
16.
17.
18.
19.
20.
21.

CD-C3F1M0-50
CD-C3F1M0-100
CD-C3F1M0-200
CD-C3F1M0-400
CD-C3F3M0-50
CD-C3F3M0-100
CD-C3F3M0-200
CD-C3F3M0-400

0.97
0.96
0.98
0.97
0.96
0.96
0.96
0.97

E
E
E
E
E
E
E
E

Appendix J
The GDS triaxial control system enables triaxial extension to be carried out as routinely
as triaxial compression. The original top cap supplied with the system prevents cell
pressure from acting vertically on the top cap resting on the test specimen. This allows
axial stress to be reduced below cell pressure. A modified version of the top cap was used
and the theoretical basis of the device is shown below.

Forces acting on the System:
The axial stress on a sample (in kN) using an internal load cell (which measures force
independent of cell pressure) without using the extension device is:
𝐹

𝜎𝑎 = 𝑎 + 𝜎𝑟
Where F is force from the load cell. a is the area of the specimen. 𝜎𝑎 is the axial stress
and 𝜎𝑟 is the radial stress.

Diagram and Theoretical Explanation:
The top cap makes no difference to the forces acting on the sample. The axial stress is
calculated in exactly the same way as when using normal top cap. F is the force measured
by the loadcell, ax is the area of the loadcell, a1 is the area of the load ram, and 𝜎𝑑 is the
deviator stress.
𝜎𝑎 = 𝜎𝑟
𝜎𝑎 =

𝐹2
𝑎

+ 𝜎𝑑 …………………………………………………………………………..(1)
………………………………………………………………………………….(2)

From free body diagram:
F1 = F + (𝑎1 ∗ 𝜎𝑟 ) …………………………………………………..………………….(3)
F1 + (ax – a1)* 𝜎𝑟 = F2 + (𝑎𝑥 − 𝑎)* 𝜎𝑟 …………………………………………………(4)
Simplifying (4) gives
F1 - (a1)*𝜎𝑟 = F2 −(𝑎)* 𝜎𝑟
Substituting F instead of F1 using the relationship shown in (3) gives:
F = F2 - (𝑎 ∗ 𝜎𝑟 )
But from (2)
F2 = 𝑎 ∗ 𝜎𝑎
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Therefore,
F = a*𝜎𝑎 - a*𝜎𝑟
Dividing by a gives:
𝐹
𝑎

= 𝜎𝑎 - 𝜎𝑟

Rearranging the equation:
𝐹

𝜎𝑎 = 𝑎 + 𝜎𝑟
Which is the same as when not using the extension device.

Figure J.1 Free body diagram of device (GDS Instruments help sheet-129)
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Appendix K

Extension

Compression

(b) 1% Fibre

364

Extension

Compression

(c) 3% Fibre

(d) 3% Cement

365

Compression

Extension

(e) 3% Cement, 1% Fibre
Compression

Extension

(f) 3% Cement, 3% Fibre
Figure K.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU tests for
unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
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Appendix L
Table L.1 Secant modulus (E50-stiffness at 50% of failure strain) for unreinforced,
cement, fibre, and fibre reinforced cemented Toyoura sand from CIU compression tests
Test ID

Secant Modulus (E50-stiffness at 50% of failure strain) MPa
𝑝′ = 50 kPa

𝑝′ = 100 kPa

𝑝′ = 200 kPa

𝑝′ = 400 kPa

C0F0M0

5.48

14.37

10.63

24.5

C0F1M0

5.98

14.21

15.58

26.2

C0F3M0

8.61

19.45

18.23

28.56

C1F0M0

6.57

-

14.46

32.43

C2F0M0

-

15.15

-

-

C3F0M0

20.77

21.43

36.22

55.95

C3F1M0

14.1

16.05

22.27

40.27

C3F3M0

18.69

26.56

49.45

64.29

Appendix M
The methodology of excess pore water pressure measurement with reference to the
initially applied back pressure (e.g., 320 kPa) is explained in Chapter 3. In this section, a
detailed discussion on measuring such large values of negative pore water pressure (e.g.,
300 kPa), significance of the kink in pore water pressure response (e.g., cavitation), and
significance of the application of slightly higher value of back pressure to avoid
cavitation would be presented. In laboratory, back pressure is used to prevent cavitation
and to make accurate pore pressure measurements possible during CIU tests, but
cavitation is nevertheless possible. For dilative soils (e.g., medium dense sand, fibre,
cement, and fibre reinforced cemented sand), pore pressure increases and then decreases
during undrained shearing. When the pore pressure during shear drops below the value
used to back pressure saturate the sample (e.g., 320 kPa), air dissolved in the pore water
starts coming back out of solution. This would correspond to a condition of zero net
change in pore pressure during shear. One solution to these problems caused by
cavitation is to use back pressure values higher than needed to achieve full saturation,
[e.g., 550 kPa (Brandon et. al., 2005), 750 kPa (Baxter et. al., 2011), and 1000 kPa
(Ismail et. al., 2002)], thus providing the possibility for pore pressures to decrease
further without cavitation. Hence, when cavitation happens, shear does not occur at
constant volume. These changes in volume in supposedly undrained test conditions have
a dramatic effect on behavior, and result in very large amounts of scatter in test results
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(Brandon et. al., 2006). Significance of this kink in pore water pressure response due to
cavitation in dilative soils would be an inaccurate determination of failure in undrained
triaxial tests. Moreover, large negative excess pore pressures (e.g., -550, -750, and -1000
kPa) are generated at relatively large strains for dilative soils (e.g., cemented sand) in
undrained tests, which results in gas coming out of solution during shear and significant
variability in the measured peak deviator stress (Baxter et. al., 2011). Therefore, the
effect of back pressure on the undrained shear strength of unreinforced, fibre, cement,
and fibre reinforced cemented sand is investigated in greater detail in a separate substudy in Chapter 5. Additionally, such large values of negative pore water pressures
presented are possible in dilative soils for the range of mean effective stresses (e.g., 50400 kPa) investigated in this study.
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Appendix N

(a) Pure Sand and 1% Fibre

(b) Pure Sand and 3% Fibre
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(c) Pure Sand and 3% Cement + 1% Fibre

(d) Pure Sand and 3% Cement + 3% Fibre
Figure N.1 Stress ratio (𝑞/𝑝′) versus axial strain (𝜀𝑎 ) curves from CID tests for
unreinforced, fibre, and fibre reinforced cemented Toyoura sand specimens consolidated
to varying mean effective stresses (p’)
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Appendix O

371

372

Figure O.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
and extension tests for unreinforced, fibre, and fibre reinforced cemented Toyoura sand
specimens consolidated to varying mean effective stresses (p’)
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Appendix P
Study H: Effect of Density
In this thesis, most of the samples were prepared to a target dry density value, 𝜌𝑑 = 1.489
g/cm3 (Dr = 60%) of Toyoura sand using under-compaction moist tamping technique
(Ladd, 1978). This density has been selected to replicate the real field condition (e.g.
medium dense state) of compacted soil and also to make comparison with the previously
published literature (Nakamichi and Sato, 2013; Schmidt, 2015). In this section
monotonic triaxial consolidated drained (CID) and undrained (CIU) tests have been
conducted in compression loading for both loose and dense states (20% and 60% relative
density). To understand the drained and undrained behaviour of unreinforced and fibre
reinforced cemented Toyoura sand specimens, comparisons are made for samples with
varying cement (0-3%), and fibre (0-3%) contents at 20% and 60% relative densities. The
unreinforced and reinforced specimens were consolidated to a target mean effective
stress, pʹ of 100 kPa to investigate the influence of each constituent and density of the
composite material.

Consolidated Drained (CID) and Consolidated Undrained (CU)
Compression Tests
Testing Overview
To understand the mechanical behaviour at different densities in consolidated drained
(CID) and consolidated undrained (CIU) triaxial loading conditions, a series of tests were
conducted on unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens. Table P.1 summarizes the testing program used to evaluate the stress-strain,
and volumetric-axial strain behaviour of unreinforced, fibre, cement, and fibre reinforced
cemented Toyoura sand in CID triaxial compression loading conditions at different
densities. Table P.2 summarizes the testing program used to evaluate the stress-strain,
and pore pressure-axial strain of unreinforced, fibre, cement, and fibre reinforced
cemented Toyoura sand in CIU triaxial compression loading conditions at varying
densities. Samples in dimensions of 50 mm in diameter and height of 100 mm were
prepared in a polyvinyl chloride (PVC) mold to a target dry density value, 𝜌𝑑 = 1.40
g/cm3 (Dr = 20%) and 𝜌𝑑 = 1.489 g/cm3 (Dr = 60%) of Toyoura sand using undercompaction moist tamping technique (Ladd, 1978). Fibre reinforced cemented Toyoura
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sand samples were prepared with 10% moisture content by mass of sand-fibre-cement
mixtures. 10% initial moisture content was designed to mimic the work (Nakamichi and
Sato, 2013; Schmidt, 2015) from Fukuoka and Western University, who used a similar
method for monotonic and cyclic triaxial specimen preparation. Samples were then cured
for 3 days.
Table P.1 Consolidated drained (CID) compression tests to study the density variation
Test No.

Test ID

Mean effective
stress
(p') (kPa)

1.
2.

CD-C0F0M0-100
CD-C0F0M0-400

100
100

3.
4.
5.

CD-C3F0M0-100
CD-C4F0M0-100
CD-C3F0M0-100

100
100
100

6.
7.
8.
9.
10.

CD-C0F0.5M0-100
CD-C0F1M0-100
CD-C0F1M0-100
CD-C0F3M0-100
CD-C0F3M0-100

50
100
100
100
100

11.
12.
13.
14.
15.

CD-C3F1M0-100
CD-C3F1M0-100
CD-C3F2M0-100
CD-C3F3M0-100
CD-C3F3M0-200

100
100
100
100
100

Cement
Content
(%)

Pure Sand
0
0
Cement Only
3
4
3
Fibre Only
0
0
0
0
0
Cement and Fibre
3
3
3
3
3

Fibres
Content
(%)

Silt
Content
(%)

Test
Type

Relative
Density
(%)

C/E

0
0

0
0

C
C

~20
~60

0
0
0

0
0
0

C
C
C

~20
~20
~60

0.5
1
1
3
3

0
0
0
0
0

C
C
C
C
C

~20
~20
~60
~20
~60

1
1
2
3
3

0
0
0
0
0

C
C
C
C
C

~20
~60
~20
~20
~60

Table P.2 Consolidated undrained (CIU) compression tests to study the density variation
Test
No.

Test ID

Mean effective
stress
(p') (kPa)

1.
2.

CU-C0F0M0-100
CU-C0F0M0-400

100
100

3.
4.

CU-C3F0M0-100
CU-C3F0M0-100

100
100

5.
6.
7.
8.

CU-C0F1M0-100
CU-C0F1M0-100
CU-C0F3M0-100
CU-C0F3M0-100

100
100
100
100

9.
10.
11.
12.

CU-C3F1M0-100
CU-C3F1M0-100
CU-C3F3M0-100
CU-C3F3M0-200

100
100
100
100

Cement
Content
(%)
Pure Sand
0
0
Cement Only
3
3
Fibre Only
0
0
0
0
Cement and Fibre
3
3
3
3
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Fibres
Content
(%)

Silt
Content
(%)

Test
Type

Relative
Density
(%)

C/E
0
0

0
0

C
C

~20
~60

0
0

0
0

C
C

~20
~60

1
1
3
3

0
0
0
0

C
C
C
C

~20
~60
~20
~60

1
1
3
3

0
0
0
0

C
C
C
C

~20
~60
~20
~60

Results and Analysis
Figure P.1 shows the typical measured deviator stress and axial strain response observed
in CD compression tests conducted on the unreinforced, fibre, cement, and fibre
reinforced cemented Toyoura sand specimens at different densities. For the denser
specimens (60%), the trend of the results shows typical behaviour of medium dense
specimens with the absence of a significant stress peak. The unreinforced specimens
reached a peak deviator stress (qp) approximately within 4% axial strain (𝜀𝑎 ). For the
cemented sand specimens, the peak deviator stress was reached at approximately 2-3%
axial strain. However, for the fibre reinforced specimens the peak deviator stresses were
observed within 6% axial strain. For the fibre reinforced cemented specimens, peak
stresses were observed at approximately 8% strain. The reasons for the absence of
significant peak for the cement, and fibre reinforced cemented specimens are most likely
due to the relatively short duration of curing (e.g. 3 days) and use of low cement contents
(0-3%). However, it was found that the peak and deviator stresses at critical state are
noticeably increased by the inclusion of fibre and cement additives. No strain hardening
could be seen in the cement, fibre and fibre reinforced cemented sand specimens as
reported by previous researchers (Salah-ud-din, 2012). The peak drained strength
increases with 1% fibre additive is 69% and with 3% fibre and 3% cement reinforced
specimen is up to 131%. The drained strength increases at critical state for 1% fibre is
71% and with 3% fibre and 3% cement reinforced specimen is approximately up to
105%.
For the looser specimens (20%), strain hardening behaviour can be seen and the drained
strength increase at critical state for 1% fibre additive is approximately 20% and with 3%
fibre and 2% cement reinforced specimen is found to be 67%. In addition, it can also be
seen that for cement additives alone only peak strength increase can be observed and
almost no strength increase is found at critical state. It is evident from the results on
density variation that due to a better contact between sand-fibre interaction (e.g., smaller
void ratio and enhanced sand-fibre contact in dense state) or sand-cement-fibre bonding
and interaction for the denser specimens, a greater increase in strength is observed.
However, the general effectiveness of fibre and cement additives alone and when mixed
together also enhances the strength of unreinforced specimens for loose conditions based
376

on the variation of fibre and cement contents. This study on density variation supplement
the work performed on liquefaction studies and effectiveness of fibre and cement
additives previously studied at both the partner universities.

(a) Pure Sand and 0.5-3% Fibres

(b) Pure Sand and 2-4% Cement
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(c) Pure Sand, 3% Cement, and 0.5-3% Fibres
Figure P.1 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CID compression
tests for unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens consolidated to mean effective stress(p’) of 100 kPa at 20% and 60% relative
densities
For the denser specimens (60%), the volumetric strain versus axial strain behaviour
observed in the CID triaxial compression tests for unreinforced, fibre, cement, and fibre
reinforced cemented Toyoura sand specimens is shown in Figure P.2. The unreinforced
and reinforced specimens reveal classical responses for medium dense sand in
compression at small strains (0-4%) followed by significant dilation as they reach
medium to large strains (4-15%). However, for the looser samples (20%), unreinforced
specimens show volumetric compression behaviour from low strains to critical state and
significant increase in dilation can be seen for the fibre, cement, and fibre reinforced
cemented Toyoura sand specimens. Similar results can also be seen for the denser
specimens and previous studies on fibre reinforced (Diambra, 2010) and fibre reinforced
cemented sand specimens (Salah-ud-din, 2012).
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(a) Pure Sand and 0.5-3% Fibres

(b) Pure Sand and 3-4% Cement
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(c) Pure Sand, 3% Cement, and 1-3% Fibres

Figure P.2 Volumetric strain (𝛆𝐯 ) vs axial strain (𝛆𝐚 ) curves from CID compression tests
for unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
consolidated to mean effective stress(p’) of 100 kPa at varying relative densities
Figure P.3 shows the measured deviator stress and axial strain response observed for the
CIU compression tests conducted on the unreinforced, fibre, cement, and fibre reinforced
cemented Toyoura sand specimens. For the denser specimens (60%), the trend of the
results shows the typical behaviour of a medium dense sand specimen with an absence of
a significant peak, especially for unreinforced specimen and 1% fibre reinforced
specimens. The unreinforced specimen and 1% fibre reinforced specimen reached to a
peak deviatoric stress (qp) approximately within 7-9% axial strain (𝜀𝑎 ). However, for 3%
fibre reinforced specimens the peak deviatoric stress are observed approximately within
20-25% axial strain. While, for cement reinforced, and fibre reinforced cemented
specimens, peak stresses have been observed within 14-17% strain. The unreinforced
specimen and 1% fibre reinforced specimen showed no noticeable peak, and only cement,
and fibre reinforced specimens exhibited a relatively noticeable peak. In general, the peak
strength and strength at critical state of reinforced specimens is observed to be
significantly enhanced by the inclusion of fibres and cement additives. Overall, after
reaching a peak deviatoric stress, strain softening behaviour has been found in almost
every test specimen. In addition, it is found that the peak and deviatoric stresses at critical
state have been increased by the inclusion of fibres and cement additives. The peak
undrained strength increases in fibre reinforced cemented specimen with 3% cement and
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3% fibre was found to be 193% and 143% with 3% cement additive. The undrained
strength increases at critical state for the 3% fibre and 3% cement reinforced specimen
was found to be 127% and 115% with 3% cement additive. For the looser specimens
(20%), strain hardening behaviour can be seen and the undrained strength increase at
critical state for 1% fibre additive is 15%, and with only 3% fibre additive, the peak
strength increases by 103%. In addition, the increase in strength for 3% fibre and 3%
cement reinforced specimen is found to be up to 380%. It is evident from the results on
density variation that fibre, cement, and fibre+cement plays an important role in
enhancing the strength of unreinforced Toyoura sand specimens in both dense and loose
states. This increase in strength of loose and dense specimens might be attributed to a
better sand-fibre interaction or sand-cement-fibre bonding and interaction in case of loose
and dense specimens.

(a) Pure Sand and 0.5-3% Fibres
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(b) Pure Sand and 1-3% Cement

(c) Pure Sand, 1-3% Cement, and 1-3% Fibres
Figure P.3 Deviatoric stress (𝑞) versus axial strain (𝜀𝑎 ) curves from CIU compression
tests for unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens consolidated to mean effective stress(p’) of 100 kPa at varying relative
densities
Figure P.4 shows that for dense specimens, the unreinforced Toyoura sand specimen
developed positive excess pore pressure reaching nearly to 50 kPa. Toyoura sand, when
stabilized with 0-3% PVA fibres, 0-3% cement, or a combination of both, exhibited the
same general trend in increase of excess pore pressure generation and positive excess
pore pressure increases to 80 kPa. In addition, Toyoura sand, when stabilized with 0-3%
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fibres, 3% cement, or a combination of the both, developed lower negative excess pore
pressure reaching -300 kPa. For loose sands, unreinforced specimen shows continuing
positive excess pore pressure generation (compression) but with the inclusion of fibres
and cement, the compression behaviour changes and negative pore pressure increases.
This increase in negative pore pressure for fibre, cement, and fibre reinforced cemented
sand in loose sands is attributed to a better frictional resistance, including sliding and
rolling friction, as well as enhanced interlocking of sand grains due to the presence of
cementation.

(a) Pure Sand and 0.5-3% Fibres

(b) Pure Sand and 1-3% Cement
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(c) Pure Sand, 1-3% Cement, and 0.5-3% Fibres
Figure P.4 Excess pore pressure (∆𝑢) vs axial strain (𝜀𝑎 ) curves from CIU compression
tests for unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand
specimens consolidated to mean effective stress(p’) of 100 kPa at varying relative
densities

Summary
To understand the mechanical behaviour at different densities in consolidated drained
(CID) and undrained (CIU) triaxial loading conditions, a series of tests were conducted
on unreinforced, fibre, cement, and fibre reinforced cemented Toyoura sand specimens
with two relative densities: 20% and 60%. For the denser specimens (60%), it is shown
that the peak drained strength and strength at critical state are noticeably increased by the
inclusion of fibre and cement additives. No strain hardening could be seen in the cement,
fibre and fibre reinforced cemented sand specimens. For the looser specimens (20%),
strain hardening behaviour is shown. For the cement additives alone, only peak strength
increase can be observed and almost no strength increase is found at critical state. For the
denser specimens (60%), the peak undrained strength and strength at critical state of
reinforced specimens is observed to be significantly enhanced by the inclusion of fibres
and cement additives. For the looser specimens (20%), strain hardening behaviour can be
seen and the undrained strength significantly increases with fibre and cement additives. It
is evident from the results on density variation that due to a better contact between sandfibre interaction (e.g., smaller void ratio and enhanced sand-fibre contact in dense state)
or sand-cement-fibre bonding and interaction for the denser specimens, a greater increase
in strength is observed. However, the general effectiveness of fibre and cement additives
alone and when mixed together also enhances the strength of unreinforced specimens for
loose conditions based on the variation of fibre and cement contents. This study on
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density variation supplement the work performed on liquefaction studies and
effectiveness of fibre and cement additives previously studied at both the partner
universities.

Appendix Q

(a)

Pure Sand

(b) 1% Fibre

(c) 3% Cement and 0.5% Fibre

(d) 3% Fibre

Figure Q.1 Failure patterns of a) Pure Toyoura sand (C0F0M0) b) Fibre reinforced sand
(C0F1M0) c) Fibre reinforced cemented sand (C3F0.5M0) d) Extension test, fibre
reinforced sand (C0F3M0)
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Appendix R

Figure R.1 Normalized shear modulus vs normalized mean effective stress for pure
Toyoura sand, 1% and 3% fibre reinforced Toyoura sand

(a) 0-42% Silt
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(b) 0-100% Silt
Figure R.2 Normalized shear modulus vs normalized mean effective stress for pure
Toyoura sand, 0-100% silty sand

(a) 0-4% Cement
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(b) 0-16% Cement
Figure R.3 Normalized shear modulus vs normalized mean effective stress for pure
Toyoura sand, 0-4% cemented Toyoura sand

Figure R.4 Normalized shear modulus vs normalized mean effective stress for pure
Toyoura sand, 1% fibre + 2% cement, 3% fibre and 3% cement reinforced Toyoura sand
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Appendix S
Appendix S provides the Matlab code used for simulating the drained and undrained
behaviour of composite materials using the modified Severn Trent model and described
in Chapter 6. The details of each parameter and each step are also presented in Chapter 6.
The first part of the code lists the constitutive model input parameters.
Then, initial condition, stiffness matrix, yield and bounding surface definition are
presented.
At the end, the simulation results are plotted using the Matlab code.

Constitutive Model parameters
% TestNo = input('Enter the Test No. (eg., 1) = ');
% analysis = input('Enter the type of Analysis: (1) Triaxial Drained
(2) Triaxial Undrained = ');
% p0 = input('Enter the constant effective mean stress in kPa (eg.,
100) = ');
% e0=input('Enter the Initial Void Ratio
(eg., 0.9) = ');
% phi_cv = input('Enter the Critical-state angle of friction in deg
(eg., 34) = ');
% q0 = input('Enter the value of tensile stress in kPa (eg., 100) = ');
% La = input('Enter the value of landa
(eg., 0.013) = ');
% vLa = input('Enter the Intercept for critical-state line
(eg., 1.9)
= ');
% mu = input('Enter the Poisson ratio
(eg., 0.25) = ');
% R = input('Enter the value of R
(eg., 0.1) = ');
% A = input('Enter the value of A (eg., 0.9) = ');
% B = input('Enter the value of B
(eg., 0.0016) = ');
% k = input('Enter the value of Link parameter k (eg., 2.0) = ');
% kd = input('Enter the value of kd (eg., 1.0) = ');
% dEpsa = input('Enter the value of applied axial Strain increment =
');
% No_inc = input('Enter the No of load increment = ');

TestNo = 1;
analysis = 1;
p0 = 100;
e0 = 0.90;
phi_cv = 30;
q0 = 0;
La = 0.013;
vLa = 1.97;
mu = 0.25;
R = 0.1;
A = 0.5;
B = 0.0016;
k = 2.0;
kd = 1.7;
dEpsa = 0.0001;
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No_inc = 1500;

Initial conditions ---->
Strain Matrix Definition,

Strain Increment, Stress and

phi_cv=phi_cv*pi/180;
Input.para = [e0, phi_cv, La, vLa, mu, R, A, B, k, kd, qo];
Epsa=0;
% Appied axial Strain
u = 0;
% Pore Water Pressure
v = 1+e0;
i = 1;
p = p0;
q = 0;
Input.pre = zeros(9,1);
Input.pre(3)=q;
Input.pre(4)=p0;
Input.pre(6)=p0;
Input.pre(7)=0;
Input.pre(8)=1;

Servent_Trent Model
for i=1:No_inc-1

Initial point at the stress or strain space
q = Input.pre(3);
MM = FunctionA(phi_cv);
p = Input.pre(4)+q0/MM;
[paramn] = FunctionI(q, p, v, vLa, La, k);
Input.para(11) = paramn{3};

Yield and Bounding Surfaces
Input.pre(5)=paramn{2};
FunctnG = - (R*FunctionG(phi_cv) k*paramn{3}*R*FunctionG(phi_cv))*(Input.pre(5)*Input.pre(7))+
Input.pre(5)*Input.pre(8) - (R*FunctionG(phi_cv) k*paramn{3}*R*FunctionG(phi_cv))*p*Input.pre(8) - p*Input.pre(7);
Input.ini={Analysis, YiledingCriteria, depsa, mc, Mcv};
Input.ini={analysis,FunctnG,dEpsa,(R*FunctionG(phi_cv)k*paramn{3}*R*FunctionG(phi_cv)),FunctionG(phi_cv)};
Condition = Input.ini{2};

Elatic stiffness matrix
if Condition < 0
yield = 0;

Elatso-plastic stiffness matrix
elseif Condition >= 0
yield = 1;
end
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Stiffness Matrix
G0 = 3230*(3.97-v)^2*sqrt(p)/v;
[DElastic, DPlastic] = FunctionP(Input, G0, v);
%------------ Hypoelastic constitutive relation
Input.DElastic=DElastic;
%------------ Elasto-plastic constitutive relation
Input.DPlastic=DPlastic;

Solve problem -----> Stress = Stiffness*Strain
Output = FunctionT(Input);
Eps = Output(2)-Input.pre(2);
Input.pre = Output;

Update values for the next load step
Epsa = Epsa + dEpsa;
Epsq = Input.pre(1);
Epsp = Input.pre(2);
q = Input.pre(3);
p = Input.pre(4);
u = Input.pre(end);
eta = q/p;
Dv = -v *Eps;
v = v + Dv;
Results(:,i) = [q; p; Epsq; Epsp; Epsa; u];

end
filename = sprintf('TestNo%d.xlsx', TestNo);
AAA = Results';
xlswrite(filename,AAA);
figure(1)
subplot(2,2,1)
plot(AAA(:,5), AAA(:,1), '-*b')
xlabel('Eps_a')
ylabel('q (kPa)')
hold on
subplot(2,2,2)
plot(AAA(:,2), AAA(:,1), '-*b')
xlabel(' p (kPa)')
ylabel(' q (kPa)')
hold on
subplot(2,2,3)
plot(AAA(:,5), AAA(:,4), '-*b')
xlabel(' Eps_a ')
ylabel('Eps_v')
hold on
end
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